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Optical and structural properties of SiO (N, H, films deposited by electron
cyclotron resonance and their correlation with composition
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SiO\NyH, films were deposited from £ N,, and SiH, gas mixtures at room temperature using the
electron cyclotron resonance plasma method. The absolute concentrations of all the species present
in the films (Si, O, N, and H were measured with high precision by heavy-ion elastic recoil
detection analysis. The composition of the films was controlled over the whole composition range
by adjusting the precursor gases flow ratio during deposition. The relative incorporation of O and N
is determined by the ratiQ= ¢(0,)/ ¢(SiH,) and the relative content of Si is determined Ry
=[(0,) + d(Ny) 1/ (SiH,) where ¢(SiH,), #(0O,), and ¢(N,) are the SiH, O,, and N, gas

flows, respectively. The optical propertiésfrared absorption and refractive indeand the density

of paramagnetic defects were analyzed in dependence on the film composition. Single-phase
homogeneous films were obtained at low Siphrtial pressure during deposition; while those
samples deposited at high Sildartial pressure show evidence of separation of two phases. The
refractive index was controlled over the whole range between silicon nitride and silicon oxide, with
values slightly lower than in stoichiometric films due to the incorporation of H, which results in a
lower density of the films. The most important paramagnetic defects detected in the films were the
K center and thé&e’ center. Defects related to N were also detected in some samples. The total
density of defects in SiN,H, films was higher than in Si£and lower than in silicon nitride films.

© 2003 American Institute of Physic§DOI: 10.1063/1.1566476

I. INTRODUCTION Finally, the possibility to control the refractive index be-
tween the silicon nitride and silicon oxide values allows sev-
Silicon oxynitride is a very interesting material for the eral optical applications, such as graded index films or anti-
microelectronics industry due to the possibility to obtain in-reflection coating§-8
termediate properties between silicon oxide and silicon ni-  Concerning the growth of silicon oxynitride filnts the
tride. following SiO;NyH,), research is mainly focused on those
Silicon oxide is widely used as gate dielectric in metal—techniques with a low thermal budget, according to the re-
insulator—semiconductor devices and thin film transistorsquirements of ultralarge scale integration technology, such as
However, the decrease of the oxide thickness as the scale efpid thermal processifig*° or different Plasma Enhanced
integration increases, results in too high tunnel currents anpeposition techniques®®'*~*>Among these, the electron
the diffusion of Boron or p-type dopants from the gafe. cyclotron resonance plasma chemical vapor deposition
The incorporation of N to the oxide increases the dielectriqgECR-PECVD method shows several interesting advantages
permittivity, so that physically thicker films can be deposited,in addition to the low temperature requirement. It does not
with the same equivalent oxide thickness, reducing the tunrequire the presence of a cathode, which is specially impor-
nel currents. Furthermore, the barrier properties against diftant in processes using corrosive gases. Substrates are placed
fusion are improved, as well as the reliability of the outside the plasma region, so that damage due to ion bom-
devicest3* bardment is reduced. Finally, a very high activation of the
Additionally, by an adequate control of the composition precursor gases is achieved, which allows the useahN
of silicon oxynitride, it is possible to obtain a lower mechani- stead of NH as a source of N atoms, thus reducing the
cal stress than in silicon nitride, which is of great interest forincorporation of H to the films.
its application as passivation dielectric in multilevel metalli- In this work the properties of Sidl H, thin films de-
zation processes. posited by ECR-PECVD at room temperature are studied. By
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TABLE |I. Precursor gas flow ratios for the different samplBs:[#(O,)  absolute concentrations of all the species present in the
:C(frg]'\_IZ)]/(ﬁ(SIH‘l) andQ= ¢(0,)/ ¢(SiH,). Total gas flow was set at 10.5 SlOXNyHZ f-”mS, inClUdi-ng H, WlthOUt need of any reference

sample, with a very high sensitivit§0.01 at. % and preci-
Sample series R Q sion(about 3%. Details on the HI-ERDA setup and the mea-
surements are given elsewhéfeé?

R0.88 0.88 0.13-0.79 ; ' . .

R16 16 0-16 The bonding structure of the films was investigated by
R5.0 5.0 0-5.0 FTIR spectroscopy. A Nicolet 5PC spectrometer operating at
R9.1 9.1 0-4.5 normal incidence and transmission mode was used for the
Q08 0.88-10.7 0.8 measurements. Additionally, the bonded H content was

evaluated from the Si—H and N—H stretching bands using
the calibration factors calculated by Lanford and R&hd.

using a wide range of different gas flow ratios during depo- The thickness of the films and the refractive index at the

sition, samples of very different compositions and properties, e-Ne laser yvavelengt(632.8 nm were measured F’y 9" .
were obtained. The combination of accurate compositio jpsometry, using a Plasmos E2302 ellipsometer with inci-

measurements by heavy-ion elastic recoil detection analysgenc? and dﬁtegtion.anglfes both set a.t 730% q
(HI-ERDA), with techniques for optical and structural char- . F('jna y, the density o paramagneﬂc eECtS was deter-
acterization, such as Fourier transform infra(E@IR) spec- mined by EPR measurements, using a Bruker ESP 300E

troscopy, ellipsometry, and electron paramagnetic resonané@nd s_zectrome_ter. Tfhehmlc_rowalive E)jowher(;/vas _SEt a]‘ctg'? mwW
(EPR), has allowed a detailed study of the correlation be-l0 8void saturation of the signal and the density of defects

tween deposition parameters, film composition, and the opV@S evaluated using a weak pitch standard. For these mea-
tical and structural properties. surements stacks of films deposited in the same process for a

total thickness between 1500 and 2500 nm were used.

Il. EXPERIMENT Ill. RESULTS

The films were deposited using a.commercial ECR reacy Composition (HI-ERDA) measurements
tor (Astex AX4500 attached to a stainless steel deposition

chamber. @, N, (which are fed directly into the plasma As the main interest of SilyH, is the control of its
chambey and SiH, (which is introduced into the deposition properties between those of silicon nitride and oxide, it ap-
chamber by means of a dispersal jivgere used as precur- peared to be useful to deal with a parameter which could
sor gases. The flow was controlled by mass flow controllersserve as an indicator of how close the composition is to
More details on the deposition system are given elsewfere. ither silicon nitride or silicon oxide.

In all depositions the total gas flow, pressure and micro-  For stoichiometric silicon oxynitride films, Si®,
wave power were kept constant at 10.5 scc1® 4 mbar,  Wwith no H content and only Si—O and Si—N bonds present in
and 100 W, respectively. The substrates were not intentiorthe films, such a parametéwhich we will call @) can be
ally heated and the deposition temperature was about 50 °defined as the ratio between the concentration of Si—O bonds

Samples of different compositions were obtained byand the total concentration of bonds:

F:hantgr:ng éhe flq\;y ratio of the p:ﬁcursor gaste; T[c>¢czhoazgacter- [Si—O] 2[0] 2%
ize the deposition process the parametdts a=——= - = =

+ (N,)1/()SiHy) and Q= (0,)/b(SiH,) were used, [Si-OJ*+[Si-N]  2[O]+3[N] ~ 2x+3y
where¢(SiH,), #(0,), and¢(N,) are the SiH, O,, and N where the coordination numbers of O and N have been taken
gas flows, respectively. As the total flow is constant, the painto account.

rameterR determines the SilHpartial pressure during depo- This parameter can be understood as the fraction of
sition, with the highest Sildpressure for the lowest value of oxide present in the Sidl, film, so thata=0 corresponds to

R. The paramete® controls the relative flow of @and N,  SiN; 33, @=1 to SI0,, anda=0.5 is the exact middle com-
for a given value oR. Table | summarizes the gas flows usedposition. The meaning a& may be better understood if the
for the different sample series deposited in this work. AlongSiO;N, formula is written agSiO,),(SiN; 391, . Note that

the article, samples will be named according to the values ofvriting the silicon oxynitride formula in this way does not
the parameterR andQ used during depositioffor instance, imply a separation of two phases in the films. This subject
sample R1.6Q0.80 means that it has been depositd®l at will be discussed in the following section. Furthermore, this
=1.6 andQ=0.80. parameter correlates with the relative concentration of the

The samples were deposited on high resistivi80 SiOJ-N4_i tetrahedron units in the random bonding model
Q cm) p-type S{111) substrates. The substrates were cleanedRBM).?
using standard procedur&sThe thickness of the films was For samples containing H, which deviate from the sto-
about 300 nm. ichiometric composition, the parameiemgiven by Eq.(1) is

The composition of the samples of series R1.6 and R5.@0t exactly the oxide fraction as explained above, and a cor-
(see Table )l was measured with the HI-ERDA technique, rection should be made. For instance, for samples with a
using 150 MeVe®r* ions. The identification of the species concentration of N-H bonds proportional to the N content,
present in the film was performed using the time of flighti.e., [N—H]=Xy4[N], but no significant concentrations of
technique. This technique allows the determination of theSi—Si or Si—H bonds, the oxide fraction would be gived%y

(€Y
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FIG. 1. Composition parameter [Eq. (1)] as a function of the deposition
gas flow ratioQ= ¢(0,)/ #(SiH,) for series R1.6 and R5.0, deposited at
different SiH, partial pressures. Line is drawn as a guide to the eye.
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FIG. 3. Refractive indexuppe) and mass density of the filniiower) as a
function of the composition parameter for samples of series R1.6 and

R5.0. The solid lines correspond to the calculated values for stoichiometric
SiON, films.
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lower, especially for compositions close to silicon nitride.

For low H content, the differences between the paramThis resultis related to the presence of H, which is higher for

eter a [Eq. (1)] and the corrected value’' [Eg. (2)] are
almost negligible(below 3% for our samplgs So, to sim-
plify matters, the value of the parametegiven by Eq.(1) is

used in the following to characterize the composition of our

films.

The control of the composition is realized by adjusting
the gas flow ratios during deposition. Figure 1 shows th
measured composition parameteas a function of the gas
flow ratio Q= ¢(0,)/ $(SiH,), for samples of series R1.6
and R5.0, deposited at different Silpartial pressures. As
shown in the figure, the oxide fractiom is mainly deter-
mined by the parametd&), regardless of the value &

The measured concentratiofe. %) of each of the spe-
cies present in the Si®l H, films (Si, O, N, and H are
shown in Fig. 2 as a function of the composition paramete
a, for samples of series R1.6 and R5.0. The expected co
centrations for stoichiometric Si@, (with no H content and
only Si—O and Si—N bonds, so that the relationt2y =4
is verified!! are also shown as solid lines for comparison.
While the obtained O content is essentially the same as i

stoichiometric films, both the Si and N contents are inghtIyS

O R1.6 A& RS5.0 —— Stoichiometric

T T T T T N
R 160 R
- 145
= ©
—_ 130 6
@ J15 =

, o

d*o
R 45} e 1% =
N L3 -—
w 30 ., 2
= 15| + <
- 0 ['Y%

0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
a = 2x / (2x+3y)

FIG. 2. Atomic percentages of Si, O, N, and H, measured by HI-ERDA, for

series R1.6 and R5.0 as a function of the composition paraméteq. (1)].
The calculated values for stoichiometric SMQ films are shown as solid
lines.

e

n

those compositions.

B. Ellipsometry measurements

Figure 3 shows the mass densfp) of the films, calcu-
lated from the HI-ERDA results and the thickness obtained
by ellipsometry, as a function of composition, for samples of
series R1.6 and R5.0. The refractive index measured at
A=632.8 nm is also shown in Fig. 3. The density and refrac-
tive index values corresponding to stoichiometric H-free
SiON, are plotted as solid lines for comparison. These
curves were calculated taking=2.2 g cm  andn=1.46 for
Si0,, 2 and p=3.1 g cm ® andn=2.05 for SiN,,?% and as-
suming a linear dependence on the parameter
" Both the density and the refractive index of the depos-

ited samples are slightly lower than the expected for sto-
|.24

ichiometric films. According to the work of Sasse#aa
the refractive index in SigN,H, films is related to the mass
density, so that a decrease in the density results in a decrease
ﬁf the refractive index. As shown in Fig. 2, the incorporation
of H results in lower concentrations of Si and N in our
amples than in stoichiometric ones, which in turn results in
a lower density. We attribute the lower refractive index val-
ues to this lower density of the films.

Deposition rate was also calculated from the measured
thickness. The deposition rate is mainly determined by the
parameteR=[ ¢(O,) + ¢(N,) ]/ ¢(SiH,),which controls the
SiH, partial pressure. Figure 4 shows the deposition rate for
samples of series Q0.8 as a functiorrofFor R values up to
R=1.5, high deposition ratetabove 15 nm/minare ob-
served. For greater values B{R>3) the deposition rate
significantly drops down.

C. FTIR spectroscopy measurements

1. Si—H and N—H stretching bands

The Si—H and N—H bond concentrations for samples of
series Q0.8 are shown in Fig. 4, as a function of the param-
eter R, together with the deposition rate. The bond concen-
trations were evaluated from the Si—H and N—H stretching
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Series Q0.8 2260 — . . v T T T
®
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&
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FIG. 4. Si—H and N—H bond concentrations and deposition rate as a func- a = 2x / (2x+3y)
tion of the gas flow ratioR=[¢(0O,) + ¢(N,) 1/ $(SiH,) for series QO0.8.
Lines are drawn as a guide to the eye. FIG. 6. Wave number of the Si—H stretching band as a function of the

composition parametes, for samples of series R1.6. Line is drawn as a
guide to the eye.

absorption bands, using the calibration factors given by Lan-
ford and Rand? For R values below 1, the Si—H concentra-
tion is much higher than the N—H concentration, suggestinghis low value ofR Si-rich films (or films with an excess Si
that these samples may be Si rich. On the other hand, fazontent with respect to stoichiometric samplase obtained.
greater values oR, the N—H concentration is higher, with a For R=0.88 andQ=0.8, an intermediate composition
negligible Si—H concentration fdR>3. between nitride and oxide is obtained. For this sample two
By the term “Si rich” we understand samples with a peaks can be resolved, one locatedvaj=2168 cm?,
relative content of Si higher than in stoichiometric films, characteristic of Si-rich silicon nitride, as explained above,
with respect to N and @.e., 2x+3y<4). Still, the presence and the other located at;,=2238 cm'*, which is slightly
of H may result in a lower total Si content than in stoichio- lower than the frequency corresponding to thes)5i—H
metric films, in a similar way as shown in Fig. 2. configuration @ j=2245-2265 cm)*~?in Si0,. The
In addition to the H concentration obtained from the aredower value observed in our work is attributed to contribu-
of the absorption bands, the FTIR spectroscopy measurdions of configurations in which O atoms are substituted by
ments provide useful information about the structure ofSi atoms, such as (Sp-Si-H (vgy=2180-2195
bonds of the films. In particular, the Si—H stretching band iscm 1), 25728
very sensitive to the chemical environment of the Si-H  The behavior of the sample depositedR#0.97 and
bond, so that as the electronegativity of the neighbor atom&®=0.8 is very similar to the previous one, although for this
increases, the band shifts to higher wave numbers. sample the oxide peak slightly shifts to higher wave num-
Figure 5 shows the absorption spectrum in the Si—Hbers, due to the lower Si content in this sample, and the
stretching band range for several samples. The compositionitride peak becomes less clear, probably also due to the
for the sample deposited ®&=0.88 andQ=0.49 is very lower Si concentration, so that the contribution of
close to silicon nitride. A single band located abaou, (SiN,) — Si—H groups is less significant and the wave number
=2168 cm! is observed. This value is intermediate be-of the band approaches 2200 ¢tin
tween the value for the (Si)-Si—H configuration gy For samples deposited at higher valuesRpthe Si—H
=2140 cmY)??7 and the (N)—Si—H configuration ¢s;;  band shows essentially a single peak that shifts to higher
=2200 cmY),?>?” which supports the conclusion that for wave numbers as the composition changes from silicon ni-
tride to silicon oxide, due to the higher electronegativity of O
with respect to N° This behavior is shown in Fig. 6 for the
samples of series R1.6.

R=0.97 Q=0.8
2. Si-0ISi—N stretching band

R=0.88 Q=0.8 We have studied the absorption spectrum of our depos-
ited SIiQNyH, films as a function of the deposition param-
eters. Figure 7 shows the IR spectra in the 400—-1400'cm
range for samples deposited @=0.8 (series Q0.8 for

R=0.88 Q=0.49 which intermediate compositions are obtained, as a function
of R
19bo 2060 2{00 22‘00 23'00 24b0 2560 For the lowest values d® (R<1) two peaks are clearly

Absorption Coefficient (arb. units)

Wave Number (Cm.1 ) distinguished, one located at 872 thnclose to the charac-
teristic value for the Si—N stretching vibration in;Sj, (835

_l —
FIG. 5. Absorption spectrurfSi—H stretching bandor three representative €M ), and the other at 1026 cm close to the value for the
samples deposited ®<1. Si—0 stretching vibration in Si(1075 cm'l).
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) . ) . ) FIG. 9. FWHM of the Si—O/Si—N stretching band as a function of the
FIG. 7. Absorption spectrurfSi—O/Si—N stretching bandor series Q0.8 composition parametet for samples of series R1.6 and R5.0.
for different values oR.

For hiah I R th i f the t K One of the most extended models to describe the bond-
or higher values or, the separation ot the tWo peaxs ing structure of the SiN,H, is the random bonding model
becomes gradually less pronounced, with a single peak bem@?BM) originally proposed by Philippt According to this

obser_ved foiR>3. . odel, the silicon oxynitride is formed by tetrahedral struc-
Figure 8 shows the absorption spectra for samples orgn

ies R5.0(d ited aR=5.0). for diff tval f th ural units, with a Si atom at the center and different occu-
series R5.0( eposited ak=o. ), for differen values ot the pation of the vertices of the tetrahedron by N and O atoms.
parameterQ. As Q is increasedthe composition changes

f " itride t ide the band . \ shift The five fundamental tetrahedrons may be indexed according
from tsr:'corr: n rl € t(') O)'(tl i el arl tchon Inydousyl SIS 46 the number of N or O atoms present: $i)_;, with j=
rom the characteristic nitnde value 1o e oxide value. 0,1, 2, 3, 4. Neglecting the presence of H, the probabiity

For the samples showing a single Si—O/Si—N stretchingb ; ; P
. . . r relative concentration of each tetrahedron is giveft b
band, another important parameter is the full width at half 9 y

maximum(FWHM) of this band. This parameter is related to ~ P;= (f) a(1—a)* . (3)
the structural order of the film and the dispersion of different The dielectric function of the Si@, and, therefore, the
- . B . y 1 L)
_chde_mltgal ehr_lvrllron?entj, with d hh|ghher \(/jglues pf th? de\fN HMtabsorption coefficient can be obtained by combining the di-
g‘n\;ﬁi::gen'tggggg Isorder and higher dispersion ot diterenty o cyric function of each fun%?mental tetrahedron according
. | . . . __to the effective medium theofy.In addition, the presence of
b glfgure 9 sf;owsfthe .FW::AGO]C tZeRSE_)'_OO/S'_f'\I St?mh'??hbonded H or Si—Si bonds can be taken into account by in-
and for sampies of Series 1.5 and Ro.9 as a function of greasing the possible types of tetrahedrons, so that Si—H,
composition parameter. As composition changes from sili- N—H and Si—Si bonds are includ@4e?
con nitride to silicon oxide, the FWHM increases until reach- .
ing a maximum value for intermediate compositions, and
then decreases. The same behavior has been reported
1,30 ; ; ~
;)therdafuthorél. Th; maxm;uggvalue of E_he ';\]N:'m IS Ob. 10. (Note that for a>0.5, the distribution of tetrahedrons
ane d_or values Of d"’.‘][fou” i 'h’ sgggles Ing tha te Maxl-\ould be equivalent to that for-1a, exchangingj =0 for
mum dispersion of different chemical environments corre-j:4 andj=1 for j=3). Although the shape of the Si—O/

sponds to this composition. Si—N absorption band is not only determined by the relative

In order to study the dispersion of different chemical
nvironments, the probability?; calculated from equation
for a values in the range from 0 to 0.5 is shown in Fig.

400 600 800 1000 1200 1400
Wave Number (cm™ )

0.00

E 0.75 :

® Series R5.0 - E=P|SiN,

= o : P SI-ON,

? Q=2.45 Z 0604 EXEBP,Si-ON, [
2 /u/w . 5 P{SFON
% /\_/\~ B 0451 DI[D]IH P‘ Sl-o‘ i
= Q=0.95 < :

t ws n:- 0 30 T -
c /—\M5 S

Re] - °

=1 N1 2 .15 I
é Q=0 g

e} (M

< =

«=01 a=02 0=03 «=04 a=05

FIG. 10. ProbabilityP; of each tetrahedron of the type $MNQ_;, accord-
FIG. 8. Absorption spectrurtSi—O/Si—N stretching bandor series R5.0  ing to the RBM[Egq. (3)], for different values of the composition parameter
for different values ofQ. a. Lines are drawn as a guide to the eye.
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FIG. 11. EPR spectra of selected J{H, samples with different compo-

sition. FIG. 12. Overall paramagnetic defect density as a function of the composi-
tion parametew. Line is drawn as a guide to the eye.

the three characteristic lines of the N dangling bond defect.
The most intense signal of this defect is located-a2.0055
and the third very weak line appears at lower valueg.tf
|-Therefore, the line observed g¢2.023 in the spectrum of
Fig. 11 for sample R5.0Q0.6kx=0.41) is tentatively attrib-
uted to the N dangling bond center, with the principal line of
the defect masked in the dominant signal arogad2.004.

The third line may be too weak to be distinguished from
D. EPR measurements noise.

The density of defects with paramagnetic activity in the ~ Finally, the EPR spectrum of sample R5.0Q1.43, of
films was studied by EPR. Figure 11 shows representativ€0mposition very close to silicon oxidexr=0.94 shows
EPR spectra for samples deposited at different gas flow re30me interesting features. The intense signal appearing at
tios. The derivative spectrum is shown, and the resonanc@=2-0008 is attributed to aB'-like center where an O atom

concentrations of the different tetrahedrons, but also by th
oscillator strength and resonance width of the dielectric func
tion of each tetrahedrofi,it is clear in Fig. 10 that the maxi-
mum dispersion of different tetrahedrons is obtained for va
ues ofa around 0.5. The validity of the RBM for our films
will be discussed later.

condition for the absorption 38 is substituted by a Si atom (Sje=Sit).*" Additionally, a
weak doublet with a separation of 22 G is observed. Similar
hv=gugB, (4) structures have been observed by other authors in silicon

wherev is the microwave frequendy=9.5 GH2, ug is the  oxide films and attributed to defects related td*?In fact,

Bohr magnetronB is the app"ed magnetic field, amgs the these defects show a spectrum with three lines, but in our
spectroscopic splitting factor, characteristic of each defect. samples the central line is masked by the intense signal at
The composition of sample R5.0Q0.0 is essentially sili-9=2.0008. Since we have not detected this doublet in N-free
con nitride (=0.09. The EPR spectrum of this sample SiOx samples? we conclude that this 22 G doublet is related
shows a dominant feature withcafactor aroundg=2.004.  to the presence of N in the film. The defect may be in fact the
This signal is attributed to theK center (N=Sif,g N3 center, as explained by Stathisal®®
=2.0028)with possible contributions in which N atoms are Figure 12 shows the total concentration of paramagnetic
substituted by Si atoms, such as $iNSif, SLN=Si{, or  defects as a function of composition. The highest defect den-
even Si=Sil. For these configurations the value @fn-  Sity is obtained for silicon nitride filmgx=0). For SIiQNyH,
creases from 2.0028 for&=Si] to 2.0055 for SE=Sit .3 films the defect density is lower than in nitride films and

For silicon oxide,(sample R9.1Q4.5¢=1.0), the char- remains roughly constant over the whole composition range.
acteristic signal of theE’ center (Q=Sil,g=2.0018) is For SiQ, samplesa=1) the density of defects significantly
observed® decreases with respect to §NQH, films. While the incor-

For samples of intermediate composition, the behavior igoration of O to SiNH, fims seems to have a beneficial
different depending on the value of the gas flow r&id=or  €ffect, the incorporation of N to the Sj®@esults in a signifi-
those samples deposited Rt 1.6, two signals can be dis- cant increase of the density of defects. It must be noted,
tinguished in the EPR spectrum; one close to the charactehowever, that defects with no paramagnetic activity may also
istic g value of theK center and the other corresponding to be present in the films.
the E’ center._On the ot_her hand, for samplg R5.0Q0#1 | pISCUSSION
=0.41), deposited at a higR value, the EPR signal does not N
split up and shows a single feature locatedja®.004. This A Control of composition
signal is due to the Si dangling bond. The high observed  According to the results shown in Figs. 1 and 2, it be-
value ofg suggests that the signal is mainly due to defectsomes apparent that our ECR-PECVD process is capable of
similar to theK center, rather than defects with a configura-producing films with well controlled compositions over the
tion similar to that of theE’ center. A weak signal is also \hole range between silicon nitride=0) and silicon oxide
observed around=2.023. This signal is very close to one of (4=1). It must also be noted that it has been possible to
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obtain compositions close to SjN, with relatively low O, so that the formation of Si—-H bonds is negligible, as
¢(N,)/ $(0,) ratios (for instance, for the sample deposited shown in Fig. 4. The formation of Si—Si bonds for these flow
at R=1.6 andQ=0.21, the valuen=0.12 is obtained with ratios is also expected to be very low. On the other hand, for
d(N,) 1 p(0,) =6.7). Keeping the flows of all the precursor low values ofR there is excess of SiHduring the process
gases in the same order of magnitude makes the control motbat does not react with Nand Q, and Si—H and Si-Si
reliable, enhancing the reproducibility of the deposition pro-bonds are formed so that Si-rich films are obtained. These
cess. This is possible due to the high activation efficiency ofonclusions are similar to those reported by Smith for con-
the ECR plasma, which allows an efficient activation of N ventional PECVD processé3.

The control of the composition allows to control the re- ~ Concerning the formation of Si—-O and Si—N bonds, as
fractive index between the silicon nitride valge=1.98 for O, is much more reactive that Nthe formation of Si—O
our samplesand the silicon oxide valugh=1.46), as shown bonds is predominant over the formation of Si—N bonds. For
in Fig. 3. This is of special interest for optical applications, high values of the ©to SiH, ratio (parameteQ), almost all
such as graded index films or antireflection coatifigs. the SiH, reacts with @ and no significant amount of Si—N

The composition parametes is mainly determined bonds is formed, so that oxide composition samples are ob-
by the G to SiH, gas flow ratioQ= ¢(0,)/ ¢(SiH,), regard-  tained witha=1, as shown in Fig. 1. Si—-N bonds are only
less of the value of the parameteR=[¢(0O,) formed when the paramet€r is low enough to provide ex-

+ ¢(N,) 1/ $(SiH,), as evidenced by Fig. 1. cess SiH which can react with Bl As the paramete® is

However, the parametd® has also a very important in- decreased, the formation of Si—N bonds is enhanced with
fluence on the properties of the deposited films. For,BiN respect to the formation of Si—O bonds and the composition
samples, deposited in the same reactor and under the sar@@proaches silicon nitrid@.e., @ approaches zeyo
conditions,R determines the relative N and Si cont&hEor For a given value of the parame®@r a change irR may
low values ofR (high SiH, partial pressureSi-rich films are  have a slight influence in the relative concentration of Si-O
obtained, while for high values @& (low SiH, partial pres- and Si—N bonds, as the;No SiH, ratio would be affected.
sure N-rich films are obtained. Additionally, for Si-rich However, as shown in Fig. 1, it is the parame@mwhich
films, the Si—H bond concentration is higher than the N—Hessentially determines the oxide fracti@arameter) of the
bond concentration, while the opposite resfii—H]>[Si—  deposited films.

H]) is obtained for N-rich silicon nitride. For silicon oxide
(SiQ,), the same behavior is obsen/&dror low values of
R, suboxide films x<2) are obtained, with a significant
concentration of Si—H bonds; while for high values Rf The structure of bonds of Si®H, has been exten-
stoichiometric SiQ films are obtained. sively discussed in the literature. Either the absorption coef-

The same trend is observed for the INPH, films (see  ficient or the imaginary part of the dielectric function may be
Fig. 4). For low values ofR (R<1) Si-rich films are ob- studied for this analysis, as both magnitudes show character-
tained, with higher concentrations of Si—H bonds than N—Histic bands of the specific molecular groups present in the
bonds. As the paramet& is increased, the N—H bond con- material.
centration increases and the Si—H bond concentration de- The most intense absorption signal in the $NCH, sys-
creases, becoming below detection limit for 3. tem corresponds to the Si—-O and Si—N stretching oscilla-

These results can be explained by considering the metions. For SiQ the Si—O stretching band has a characteristic
chanics of the deposition process. O—0O, O-N, and N—Nvave numbewgo=1075 cn’,* while for SiN, the Si-N
bonds are not stable and it can be assumed that these borsteetching band is located at;=835 cnit.?
are not present in the Sj@,H, films.3* Keeping in mind For SIQN,H, films, many authors find a dominant
that each atom type comes from a single gas precy@or absorption band, with a single maximum located at inter-
atoms from Q; N atoms from N; and Si atoms from Sif), mediate frequencies between those of SiGand
the possible mechanisms for the film to grow are the follow-SisN,,. 111~1330454¢This hehavior is characteristic of single-
ing: reaction of @ and SiH, to form Si—O bonds; reaction of phase homogeneous SK)H, and its bonding structure is
N, and SiH, to form Si—N and N—H bonds; and finally, well described by the RBM previously explainddee
reaction of SiH with itself to form Si—Si and Si—H bonds. Eq. (3)].

Here the term “reaction” is not quite exact, as the deposition =~ However, some authors find that the Si-O and Si—N
process involves several intermediate steps; such as activstretching bands can be clearly distinguished in he absorp-
tion of the precursor gases, transport of the activated speci¢®n spectrunt.”*#' This is a strong indication that the RBM is

to the substrate and surface reactions to grow the film. not applicable and that the SiRH, film is rather a mixture

All of the three above mentioned principal reaction of two separate phases.
chains are limited by the Sitpartial pressure, so that they As shown in Fig. 7, the structure of bonds of our
are strongly competitive against each other. This result iSiON,H, films is strongly dependent on the deposition pa-
evidenced by the behavior of the deposition rate shown imameterR. For R<1 the presence of two clearly distinct
Fig. 4, which is much higher for the higher Sikpartial  peaks(located at 872 and 1026 ¢l indicates that in these
pressures during the depositidower values ofR). samples separation of two phases occur. However, as these

For high values ofR (low SiH, partial pressung the  peaks are slightly shifted with respect to the characteristic
SiH, is almost totally consumed in the reactions withahd  frequencies of the Si—N and Si—O stretching oscillations in

B. Structure of bonds
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SisN, and SiQ (vsy=835 cm andrgo=1075 cm?, re-  deposition parameters was studied. A sensitive and compara-

spectively, it is suggested that some tetrahedrons of the typ&ively accurate measurement of the absolute concentration of
SiON,_; involving both N and O atoms may also be all involved film componentsincluding hydrogehwas per-
present. The behavior of the Si—H stretching band, with twdormed by HI-ERDA. By an adequate control of the precur-
distinct peaks foR<1 (Fig. 5), is consistent with the con- sor gas flow ratios, samples with compositions covering the
clusions derived from the Si—O/Si—N band. whole range between silicon nitride and silicon oxide were

It is suggested that the separation of two phases olpbtained. The incorporation of H in the films results in lower
served in these films is related to the comparatively higrponcentrations of Si and N than in stoichiometric films, es-
relative Si content corresponding to the low valueRafur-  pecially for compositions close to silicon nitride, in which
ing deposition. This proposal is consistent with the results othe H content is higher.

Croset al,?” who found similar spectra in Si-rich films. As O, is much more reactive than,Nthe relative incor-

As the parameteR is increased, the separation of two poration of O and N in the films is essentially determined by
phases becomes less clear. Rer1.3 still two bands can be the parameteQ= ¢(O,)/ $(SiH,), while the SiH, partial
distinguished, but the Si—-O peak appears at lower wav@ressure during depositioR=[ ¢(O,) + ¢(Ny) 1/ H(SiH,),
numbers(1011 cm'1) and the Si—N peak looks like a shoul- determines the relative content of Si in the films.
der in the band rather than like an independent peak. In these For samples deposited at high Silgartial pressures
samples there is still a significant separation of phases, bitow values ofR), evidence of separation of two phases is
the amount of intermediate Si,_; tetrahedrongj=1,2,3 observed, as the Si—N and Si—O stretching bands can be
is higher. clearly distinguished. Additionally, the Si—H stretching band

For R=1.6 there is a single maximum located at 972shows separate peaks for thegfNSiH/(SiN,)—-Si—H and
cm~ ! which can no longer be attributed just to the Si—Othe (O;)—Si—HASiO,)—-SiH configurations. Also, the signals
vibration, but rather to the combined contribution of differentdue to theK andE’ centers are separated in the EPR spec-
SiOjN,_; tetrahedrons. Still, a shoulder in the band at thetrum.
wave number corresponding to the Si—N vibration is out-  On the other hand, for samples deposited at low,SiH
lined, suggesting a certain degree of separation of twapartial pressures, a single Si—O/Si—N stretching band that
phases. This conclusion is supported by the EPR spect@’lifts from the wave number of silicon nitride to the value of
shown in Fig_ 11, in which two different signals, one char- silicon oxide as the COIT]pOSitiOﬂ changes is observed. Similar
acteristic of SiNH, (K centey, and the other characteristic of results are observed for the Si—H band. This behavior, to-
SiO, (E’ centel are observed. For this value Bf a single  gether with a maximum value of the FWHM of the Si—O/
peak which shifts to higher wave numbers as the composiSi—N stretching band for middle compositions is character-
tion parametera increases was appreciated in the Si—Histic of single-phase homogeneous samples, with a structure
stretching bandFig. 6). It must be taken into account that of bonds in agreement with the RBM.
the EPR technique is much more sensitive than FTIR spec- It was possible to control the refractive index value over
troscopy. Furthermore, the Si—H concentration for sampleghe whole range between silicon nitride and silicon oxide.
of series R1.6 is relatively low, so that the Si—H stretchingThe obtained values are slightly lower than in stoichiometric
band is weak and it is difficult to resolve its fine structure. Itfilms as the incorporation of H results in a lower film density.
is concluded that foR=1.6 near single-phase films are ob- ~ The most important defect types observed in the EPR
tained, with a certain degree of separation of two phases. spectrum were the Si dangling bonds: tecenter and the

For higher values oR (R>3), the trend goes on, with E’ center, with some variants. Defects directly related to the
the shoulder becoming less clear so that the samples bagltesence of N were also observed. The overall defect density
cally can be regarded as single phase. This conclusion @as highest for silicon nitride films and remained roughly
supported by the behavior of the band shown in Fig. 8 for th&onstant over the whole composition range of $i(H,
samples deposited &=5.0: a continuous shift from the films. For SiQ the density of defects is significantly lower
characteristic wave number of SiN, to that of SiQ, as  than in the SiQN,H, films.
composition is changed. Also, the EPR spectraRet5.0 All these findings show that the ECR—PECVD technique
shows a single feature. is well studied to produce SiBlyH, films at room tempera-

Additionally, for the single-phase samples, the maximumture, with specific and reproducible properties to be fitted to
value of the FWHM of the Si—0O/Si—N band was obtaineddifferent applications in the microelectronics industry.
for the exact middle compositior=0.5 (Fig. 9). This is
precisely the composition for which the maximum dispersion
of different chemical environments is predicted by the RBM
(Fig. 10. So, the results obtained are well in accordance WithACKNOWLEDGMENTS
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