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Mechanical properties of sputtered silicon nitride thin films

M. Vila®
Instituto de Ciencia de Materiales de Madrid, Consejo Superior de Investigacionesficamti
Cantoblanco, 28049-Madrid, Spain

D. Caceres
Departamento Fﬂica, Escuela Politenica Superior, Universidad Carlos Ill de Madrid, Avda. Universidad,
30 28911-Legare Spain

C. Prieto
Instituto de Ciencia de Materiales de Madrid, Consejo Superior de InvestigacionesfiCasti
Cantoblanco, 28049-Madrid, Spain

(Received 9 May 2003; accepted 22 September 003

Silicon nitride thin films were prepared by reactive sputtering from different sputtering targets and
using a range of Ar/b sputtering gas mixtures. The hardness and the Young’s modulus of the
samples were determined by nanoindentation measurements. Depending on the preparation
parameters, the obtained values were in the ranges 8-23 and 100-210 GPa, respectively.
Additionally, Fourier-transform infrared spectroscopy, Rutherford backscattering spectroscopy, and
x-ray diffraction were used to characterize samples with respect to different types of bonding,
atomic concentrations, and structure of the films to explain the variation of mechanical properties.
The hardness and Young’s modulus were determined as a function of film composition and structure
and conditions giving the hardest film were found. Additionally, a model that assumes a series
coupling of the elastic components, corresponding to the Si—O and Si—N bonds present in the
sample has been proposed to explain the observed variations of hardness and Young's
modulus. © 2003 American Institute of Physic§DOI: 10.1063/1.1626799

I. INTRODUCTION lations, giving values of 50.3 and 31.5 GPa, respectitfely.
) ) ) ) To evaluate the quality of these thin films, it has become
The use of mechanically resistant coatings is & COMMOR,¢reasingly necessary to measure their mechanical proper-
practice in many industries. Coatings of less thapm in  ieg such as hardness and Young’s modulus. A wide range of
thickness are of increasing interest for use in compact eleGy5gness values of silicon nitride thin films has been re-
tronic component$? micromechanical systems, and for ported. Samples prepared by plasma-enhanced CVD are in
decorative purposées’ In order to develop additional surface the 14—19 GPa rangé® and low pressure CVD samples
functions, such as excellent abrasion and corrosion reSiStanf)‘?esent hardness of 2i GPawnhile values of 23 GPa has
In materials, hgrd films deposﬁgd by physical vapor deposipeen reported for stoichiometric silicon nitride thin films pre-
tion and chemical vapor depositid@VD)® techniques have pared by CVD at high temperatut®.
been widely applied in recent yedrs. _ _ In this work, we present the mechanical properties of
_ The dielectric properties and conduction mechanism 0§, itered silicon nitride thin films prepared under different
silicon nitride thin films have been extensively studifdue o qitions, as well as a structural and compositional charac-
to their application in microelectronics as gate dielectrics iNgyization study to explain the obtained behavior. In order to
thin film transistor$ or in metal—oxide—semiconductor inte- study the preparation conditions, two different types of tar-
grated circuits as thin nitride—oxide stacked lay@rSilicon gets were selected: a high-dénsity homemade ceramic

nitride films are commonly prepared by CVD techniques.IB_SiaN4 target and a pure silicon commercial target.
These films contain relatively high amounts of hydrogen,

which can lead to a degradation of films in subsequent high
temperature processing stépsTherefore, sputtering is an |I. EXPERIMENT
interesting thin film preparation technique for all silicon ni-

tride applications where low process temperatures are de- Siicon nitride thin films were grown on &i00 and
sired, low hydrogen contents in the films are requitbe- graphite substrates by using a planar 2 in. magnetron source

cause no hydrogen content is obtainedr where the (Angstrom Scienceoperated by a Huttir_]ger rf-power supply.

stoichiometry of the films should be controlfédor example ~ 1YPical rf power was 100 W. Two different targets were

to obtain higher hardness of the fiffh. used:(i) a home;nade _fully dense_qeranﬁeS|3N4 prepared
Hardness values have been estimateddesi;N, and ~ 2Y hot pressing;’ and (i) a pure silicon targetfrom Good-

amorphous SN, (a-SisN,) by molecular dynamics calcu- fgllow) ir_1 order to _perform_ reactive sputtering. Targets were
circular in form with a thickness of 3 mm, and were me-

chanically clamped to the water-cooled rf electrode. The
dElectronic mail: mercedes.vila@icmm.csic.es vacuum system provides a residual pressure near 1
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X107 mbar. Ar, N, (both with purity of 99.999%and their N———7 T T 1
binary mixed gases were used as sputtering gases, the gas I Lu‘ & SRR 2
flow rate being adjusted with two independent mass flow =
controllers to obtain a pressure of Q0 3 mbar for the @ 15 l/ —4—N,100% |
sputtering deposition. All samples were grown, after a well- - © —O— N,50%/Ar50%
controlled presputtering time, at room temperat(ueless § 10l & SiOfilm 1
otherwise indicateldto give a similar thickness of about 0.4 = o ol B—a—8
um. Annealing experiments were carried out at 1200 and s D/
1350 °C in vacuum with a base pressure of 1072 mbar. = 5 L L L L L

Nanoindentation experiments were performed with a . 0 25 50 75 100 125 150
Nanoindenter 1l s(Nano Instruments, Inc., Knoxville, TN S 2200 ' ' ' ' ' T
mechanical properties microprobe. All tests were performed <)
at room temperature with a diamond Berkovithree-sided @ 200f 1
pyramid indenter tip. Each specimen was tested using the £ I
continuous stiffness measurement technique developed by g 180} 7
Pethica and Olivet®?° = | '

Silicon nitride thin films were also characterized by the o 1601 1
Rutherford backscattering spectroscof@BS) techniques 5 I
using the 3 MV tandem accelerator of the Centro Nacional S %25 S0 75 100 125 150
de Aceleradores at Sevilla. .

Contact Displacement (nm)

11l. RESULTS AND DISCUSSION FIG. 1. Hardness and Young’'s modulus vs indentation contact displacement

. L ) ) for silicon nitride films prepared from the ceramicISj target.
A. Silicon nitride films prepared from a Si 3N,

ceramic target
compositiont? the results are also given in Table | in terms
of the obtained N/Si, O/Si, and O/Si ratios.
When the sputtering gas ils changed there is a modifica-
sphere of 0.1 MPa. The sintered material was fully dense an%on .Of the f'lm. compositiorf,” which mfluenpes severall
physical properties, as has been reported earlier for refractive

h microstr r nsistin -SizN, grains an : -
ad a microstructure consisting g8-SieN, grains and 4 " resistivity? The present results indicate that the
Y-silicate grain boundary phases. The target had a significant ~ ~’. : ! .
" ; . orking atmosphere during the preparation also influences
additive content in order to produce a hard enough sintere : : !
e mechanical properties of the films.

ceramic and it is important to study its validity in fabricating Taking into account the obtained nitrogen/silicon and

these thin films. The films were grown with different mix- e T .
. A . oxygen/silicon ratios it seems that the presence of oxygen is
tures of sputtering gases but in this work we will only refer . ;
correlated with the decrease of the hardness and elastic
to 50% N,/50% Ar and 100% W growth samples. Samples . :
: . . odulus values. The highest hardness value obtained was
made with a nitrogen gas concentration smaller than 509 : L
. ) 8.2 GPa for the sample grown in g Btmosphere, which is
contained a considerable amount of oxygen.
. . . of the same order as that reported for samples prepared by
Conventional hardness is equivalent to the actual pres(-:VD techniques. This sample is N ri¢bverstoichiometric
sure under the indenter, i.e., the applied load divided by the ques. P

actual projected area of contact. Figure 1 shows the hardneggd with the smallest oxygen content obtained from this tar-

and Young's modulus of the films as a function of the contac et. It can be noted that that the high oxygen contents in the

depth of the indenter tip. Both graphs, for hardness andIImS probab_ly ongmated fro_m the tar_get additives that are
) ; needed to give a high-density ceramic target and are prob-
Young’s modulus, present values almost constant in the . .
NN agly not possible to reduce by further modification of the
range represented indicating that these values are unaﬁectg Uttering conditions
by the presence of the silicon substraté.and E values b 9 '
obtained for the films, taken as the curve maximum of the
indentation contact displacement graphics, appear in Table ?
Hardness and Young’s modulus increased slightly for  To avoid oxygen coming from the target, silicon nitride
samples prepared with higher nitrogen concentration in théhin films can be prepared by reactive sputtering with a pure
sputtering atmosphere. silicon target. For that purpose, a series of samples were
The hardness values for the films were close to 18 GParepared under different sputtering conditions. RBS analysis
Although there is appreciable oxygen content in the filmsof the new samples series has been carriedand the

this value is higher than the 9 GPa obtained for a siliconobtained N/Si, O/N, and O/Si ratios are given in Table I.

As described elsewhet the ceramic SN, target was
prepared with an addition of 10% wt,®3 by hot pressing at
a maximum temperature of 1750°C in a flowing Btmo-

. Silicon nitride films prepared from a Si target

dioxide sampldalso included in Fig. 1 for comparisprbut As expected, samples prepared in this way exhibit lower
is clearly in the low range of values reported for silicon oxygen concentration for a given gas atmosphere than
nitride films. samples grown from the silicon nitride target; there was still

In order to understand the observed behavior we hava small amount inside the sample, probably coming from the
performed RBS experiments to determine the atomiaesidual vacuum. Figure 2 shows the correlation of both the
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TABLE |. Summary of hardnesH) and Young’s modulusK) for all studied samples. The three last columns
give the element ratio obtained by RBS.

Gas Thermal H E N/Si OIN OI/Si
Target concentration treatment (GPa (GPa ratio ratio ratio
Sio, Ar50% -0, 50% RT-grown 9 2.0
B-SizN;  Ar50%—N, 50% RT-grown 17.6:0.4 185+5 1.7 0.21 0.43
B-SisN, N, 100% RT-grown 18.2:0.6 192+5 2.0 0.19 0.37
Si Ar 70%—N, 30% RT-grown g1 118+9 0.48 1.36 0.66
Si Ar50%—N, 50% RT-grown 121 144+8 1.33 0.25 0.33
Si Ar 30%—N, 70% RT-grown 142 162+13 1.3 0.19 0.25
Si Ar 15%—N, 85% RT-grown 162 179+9 1.33 0.075 0.10
Si N, 100% RT-grown 191 201+7 1.37 0.05 0.075
Si N, 100% 1200 °C-annealed 16+40.4 174+5
Si N, 100% 1350 °C-annealed 18#0.5 183+5
Si N, 100% 850 °C-grown 23.41.0 210+7 1.22 0 0

oxygen content in the sample and the deposition rate with thgood agreement with the fact that a mixture of silicon—
nitrogen content of the gas atmosphere. It can be seen thakygen and silicon—nitrogen bonds forms samples. Depend-
the oxygen content decreased with the deposition rate, assimg on its ratio, the film hardness and Young’s modulus de-
ciated with higher nitrogen concentration in the sputteringcrease when the oxygen concentration increases. It is clear
atmosphere. The explanation of this behavior could be rethat silicon oxide has smaller values for the hardness and
lated to the fact that there is not enough time for the nitrida-elastic modulus than silicon nitride and the existence of
tion process at higher deposition rates; silicon danglingSi—O bonds embedded in the silicon nitride thin films tends
bonds join more easily to the oxygen that remains as bas® lower the hardness and elastic modulus down to values
pressure contamination and this reaction is more effective fosimilar to the silicon oxide.
high growth rates. Samples obtained from reactive sputtering can be de-
The measured mechanical properties of this silicon niscribed as amorphous,8i, having an oxygen concentration
tride series are shown in Fig. 3. As in the case of the opticathat depends on the deposition parameters. The elastic prop-
and electrical properti€s, there is a clear influence of the erties strongly depend on the oxygen concentration in such a
sputtering conditions on the film mechanical propertiesway that the elastic modulus and the hardness have values
Hardness 1) and elastic modulusK) are given in Table I. between those corresponding to amorphous silicon oxide and
At small oxygen contents, both properties are correlated into amorphous silicon nitride. For such behavior where the
versely with the oxygen concentration. The results are irelastic constant of a mixture takes values between those cor-
responding to the pure components a series coupling of elas-
tic entities should be considered. A similar model has been

£ % 0.8 used to explain the elastic constant of sol-gels matéfials
'E 30+ [ @ Depositionrate | 10,7 £
= ] ©  OfSiratio =
E o5 06 °5
% > ] 0_5 £ T T T
-— 0 Q 20 | -
5 2 . Joacs _ N
s 15 ° 0.3 = & 4 0—0—0—m T
2 10] ° * Jo2 = ) e
2 ~ B 2
a 5f ° o 1015 g 10
D
10,0
a 30 40 50 60 70 80 90 100 T s
oof ~ T T T T s =
5 18] ¢ 200 G R
= 200
S 16} : {180 3 >
o S <)
§ 14; 4 160 E 5 150
121 = <z
E $ 140 2 100l v ¥ N0 A
T 10t . o g —a— N_85%/Ar15%)
3 —O&— N,70%/Ar30%
8 120 o < 20T —o— N.50%/Ar50%]
30 40 50 60 70 80 90 100 £ . | —7—N30%/Ar70%]
N, gas-concentration (%) s 0 50 100 150 200

Contact Displacement (nm)
FIG. 2. Variation of the deposition rate and O/Si ratio as well as the film
properties as a function of the nitrogen concentration in the sputtering workFIG. 3. Hardness and Young’s modulus vs indentation contact displacement
ing gas for films prepared from the silicon target. for silicon nitride films prepared from the pure Si target.
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and superlattice® This model provides an effective elastic
constant that can be calculated by the following expression:
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where C(si_o) and C(sj_y) are the elastic constants corre- riG. s. (a) X-ray diffraction spectra andb) infrared spectra for samples
sponding to the silicon—oxygen and silicon—nitrogen chemi-ollowing different thermal treatments. The position @01 diffraction

cal bonds that should be close to the elastic constants of puRgak of thea-SisN, phase is indicated.
silicon oxide and pure silicon nitride compounds; digl_o,
andf s;_y) are the molar fraction of both kinds of bonds. In
the low oxygen concentration range Ed) can be approxi-

1350°C. Additionally, a sample was prepared under the
mated by

same conditions but at a substrate temperature of 850 °C to
1 fsioy 1 1 compare both methods of crystallization.
Co fie v Coo + Coo 2 X-ray diffraction spectra represented in Figapshow a
eff  T(si-N) L(si-0) (Si-N) ; .
change in the film structure. The room temperature prepared

where thef si_o)/f(si_n) ratio between the two molar frac- sample exhibited a broad peak corresponding to an amor-
tions is proportional to the oxygen/nitrogen ratio measurethhous phase. Annealing at 1350 °C gave rise to an increase
by RBS. It can be noted that this estimate can be used fqh intensity of this broad peak and the appearance of narrow
both hardness and elastic modulus, because both are relatgélaks at positions corresponding to theSisN, phase. A
to the elastic constar®;; tensor that depends microscopi- similar but more pronounced effect was obtained when the
cally on the types of atomic bonds. sample was prepared at a substrate temperature of 850 °C. In

For our samples, Fig. 4 shows the inverse of the hardthese samples, it is concluded that only a small portion of the
ness and Young's modulugeferred to as elastic compli- fjjm has been crystallized. The amorphous form remains as
anceg as a function of O/N ratio. At low oxygen contentitis the majority phase even in the sample deposited at 850 °C.
clear that both properties follow a linear dependence as pre-  Additionally, some changes in the bonding structure
dicted by Eq.(2). One can obtain the expected hardness angyere to be expected. Figuréth shows the IR transmission
Young's modulus values for the oxygen-free amorphous silispectra of silicon nitride films after thermal treatment com-
con nitride film by linear extrap0|ati0n to the ordinate at thepared to the as-grown Samp|e at room temperature_ A Change
origin, which yields values of 23.9 and 215 GPa for theof the IR spectra due to the annealing process is apparent.
hardness and elastic modulus, respectively. The IR absorption spectrum of partially crystallized silicon
nitride reveals the typical narrow bands of the crystalline
phase around 800 cm, as well as, the formation of the
1060 cm ! band typical of silicon oxide. The 1200°C an-

Another way of improving the hardness of the film is to nealed sample shows mainly an increase of the characteristic
approach bulk properties by transforming amorphous silicortontribution of the Si—O bonds while the sample annealed at
nitride into crystalline silicon nitride. Previous studies have1350°C shows in addition a very narrow band near
shown that amorphous CVD-prepared silicon nitride films800 cmi' characteristic of the silicon nitride crystallization
can crystalliz&® if annealed at 1350°C for 1 h. Here the process. Unfortunately, annealing was performed in rough
hardest sampléhat grown using the pure silicon target and vacuum; at high temperatures, the base pressure provides a
100% nitrogen sputtering atmosphere at B0 3 mbar) has  source of oxygen that reacts with the film and gives rise to
been annealed in rough vacuum for one hour at 1200 ansilicon oxynitride films. It is to be concluded that a degrada-

C. Thermal treatments
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25F ~ " T T T ' ™ oxidation and corroborates the conclusion that the increase
T a0l _ 1 in the hardness and Young's modulus were due to the
% I ,,v:::;‘gag_%;ﬂ_. oxygen-free character.
> 15t ASSR It is worth noting that although the crystalline phase ex-
§ 10 I hibits elastic constants much higher than those of amorphous
s [ Ty S¥Cgrown silicon nitride, a small crystalline content embedded in a ma-
ﬁ 5 1% —v— annealed 1350°C jority of amorphoug phase is not expected to have a S|gq|f|—
¥ ., | —9—annealed 1200°C cant effect on elastic properties. This follows from the serial
0 20 40 60 80 100 120 140 coupling model. Following Eq(1), the model predicts a
= Fr strong decrease in the properties when a stiff or hard phase is
A 250 1 doped with a more compliant or softer phase, whereas, when
= 200' i a soft amorphous_ material is dpped with a crysFaIIine hard
2 phase, the effect is not appreciable up to very high concen-
-E 150 ] tration of the hard phase.
.2100 - IV. CONCLUSIONS
g Silicon nitride thin films have been prepared in a sput-
>°.‘ 0 20 40 60 80 100 120 140 tering system with mixtures of Ar and,Nas sputtering gases

Contact Displacement (nm) and different targets, in order to study a combination of sput-

FIG. 6. Hardness and Young’s modulus vs indentation contact displacemef€1iNg parameters to obtain an increase in the hardness and
for silicon nitride films following different thermal treatments. Young's modulus.
At room temperature and by reactive sputtering from a
Si target, films have been grown with stoichiometry very
tion of the samplgin the sense of silicon oxide formatipn close to SiN, with a small amount of oxygen coming from
occurs during the annealing under these conditions. the residual vacuum. The measured hardness and modulus
The results of nanoindentation measurements for thesghow a clear inverse correlation with the oxygen content in
partially crystallized samples are shown in Fig. 6. It can bethe film composition, i.e., they increase with decreasing oxy-
observed that the hardness and elastic modulus decreased f@m content. The hardness and Young’s modulus values are
annealed samples. This effect is due to the poor vacuurm the ranges 9-19 and 118-200 GPa, respectively.
annealing atmosphere that leads to an oxidation of the Another way of improving these results was to deposit
samples. Therefore, this higher oxide content, according tthe sample at high temperature (850°C) when the sample
the model presented earlier, reduces the properties towardiecame oxygen free and partially crystallized. The hardness
the lower values of silicon oxide. Nevertheless, the sampland Young's modulus increased to 23.4 and 210 GPa,
prepared at 850 °C exhibited an increase in the hardness amnespectively.
elastic modulus up to 23.4 and 220 GPa, respectively, close Additionally, the deposited film hardness and elastic
to the model predicted values for the oxygen free samplesnodulus could be predicted on the basis of a model that
This result is in agreement with a change in the mechanicadssumes a serial coupling of the elastic components corre-
properties since the structure is near polycrystalline silicorsponding to the Si—O and Si—N bonds present in the sample.
nitride. This model provides two limits for hardness and Young's
Finally, Fig. 7 presents the RBS data and the fit calcumodulus corresponding to pure silicon oxide and silicon ni-
lated with therRumP version 2.0 cod® for the sample pre- tride amorphous materials. The validity of this model was
pared at 850°C. The results show that there is no oxygedemonstrated by the observed linear behavior of the elastic
inside the sampléonly a small contribution of oxygen can compliances and inverse hardness versus the oxygen content
be observed at the surface of the film, which is due to surfacen the samples. This also permitted a prediction of the hard-
ness and Young’s modulus values of an oxygen free silicon
nitride amorphous film by linear extrapolation. Moreover,
. oxygen free, partially crystallized samples also exhibited
hardness and modulus values fully in agreement with the
serial coupling model.
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