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Optical absorption in amorphous hydrogenated silicon nitride thin films 
deposited by the electron cyclotron resonance plasma method and 

subjected to rapid thermal annealing 

F.L. Martinez”, I. M&-tila9”, G. GonSez-Diaz”, A,M. Bernal-OhTab, J.M. Gonzilez-Lealb. 
E. M8rquezb 

Abstract 

We have analyzed the influence of rapid thermai annealing (from 300 to 105O’C) on tie optica prop&es of a-SiN,:H. Three compositions 
were investigated: .Y = 0.9’7, x = 1.43 and s = 1.55, TWO different behaviors are observed depending on whether the as-grown nitrogen to 
silicon ratio of the samples is above or below the percoiation threshold LX = I. i ) of Si-Si bonds. in rhe ma&ix of silicon nitride. The sampks 
with s = 1.43 and 1.55 experience an increase of rhz Taut coefficient {B) and a decrease of the Crbach parameter I.&) at iow annealing 
temperatures, while at high temperatures the trend is inverted. On the contrw. the samples with s = 0.97 show a slight and continuous 
increase of B and a similar decrease of E,,. The different behavior of the fiLms with s < 1.1 is explained by the percolation of the Si-Si bonds, 
which maintains the order of the structure at high annealing temperatures, preventing the inversion of the trends of B and El,. 0 1999 Elseyier 
Science S.A. All rights reserved. 
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1. introduction 

Sil.Y:H thin films deposited by plasma techniques have 
found applications in different microelectronic devices such 
as silicon complementary metal-oxide-semiconductor (Si- 
CMOS) devices and thin film transistors ITFTs). Each of 
rhese IWO applications requires different processing. For use 
in ,%-CMOS transistors the plasma nitrides generally require 
post deposition annealing in an inert ambient. The combina- 
tion of rapid thermal annealing (RTA) of silicon nitride 
films prepared by remote pkmna enhanced chemical vapor 
deposition (RPECVD) was ftrst introduced by ihe North 
Carolina State University group [I,21 and subhequentll 
discussed for ultra thin gate dielectrics [3,4j. For the thin 
film transistor application films must be defect free on 
deposition. This has aiso been discussed by the same 
group 151, as well as the bonding considerations fir ideal 
performance of plasma nitrides [6]. The eIectron cyclotron 
resonance @CR) plasma method shares the advantages of 
the remote plasma system and has aiso been used to produce 

+ Correspcmding author. Tel.: t 34-913-944435; fax: + 349I3- 
945196. 

E-VXU’~ address: imarti~Beucmassim.ucm.es (I. Mktil) 

high quality silicon nitride thin films [7]. In a preGous 
paper we have analyzed the physical processes that occur 
in the silicon nitride when it is subjected to RT,4 [B], but in 
this paper we put the main emphasis on the optica proper- 
ties. 

2. Experimental 

We deposited thin fiIms of a-Sil:,:H by ECR with an 
Asrex AX4500 reactor. The precursor gases were N2 and 
S&, and its flow ratio was varied to obtain iihns of three 
different compositions: x = 0.97, 1.43 and 1.55 (where s is 
the ratio of nitrogen to silicon in the film). Films were grown 
without intentional heating on silica substrates. After 
deposition they were subjected to rapid thermai annealing 
in argon flow at temperatures ranging from 300 to 1050°C 
during 30 s. 

The optical analysis was performed using two different 
spectrometers and two complementary calculation methods. 
With the first method we measured the transmitance and 
reflectance spectra with a Perkin-Elmer Lambda 9 UV- 
\LS-KIR spectrometer and calculated the optical constants 
following the procedure of Ref. [9]. In the second case we 
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Fig. 1. Opr~cal sap as a function of annealing temperature for the SiN,:H 
films with the three ditYrrent compositions analyzed in this srudy. The 
\ atues are obrained with the IWO di~krcnr methods ofcalcularion dIscussed 
tn rhr text. The reautts with rhe merhod of Ref. [9] correspond IO Ihe rf\- 
Fawn composirions: 3 .Y = 0.97. 0 .v = 1.13 and A .r = 1.55, while the 
method of Ref. [IO] yirtdb the rchulk rcpresenred by: 3 .v = 0.97. f .\ = 
I .J? and h .I = I .55. Lines are drawn as a guide fur the eye. 

measured only transmitance spectra with a Perkin-Elmer 
Lambda 19 spectrometer and the calculations were made 
following Ref. [IO]. 

In the analysis of the results we Lvill be concerned with 
the following three parameters: optical gap (E,). Taut coef- 
ficient (B) and Urbach energy (E>). The first two are 
obtained by fitting the absorption coefficient to the well 
known Taut law [1 1 J 
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Fig. I. Taut coetlicient versus annealing temperature. The values shown 
xc [he awragc of [he vulues obr.lined with the IWO merhods analyzed in rhr 
lext and the as-grown compo~lrions of the rilms are: 3 .\ = 0.97. C x = 
I .A3 and A .I = 1.55. Lines are a guide for rhe eye. 
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Fig. 3. Change of rhe Urbnch energy depending on Ihe annealing rempera- 
ture for the three differen: as-grown compositioni of the films: c1 .r = 0.97. 
C? .I = 1.43 and A x = 1.55. Thehe v~lur arc ubrained only with rhr 
method of Ref. 191. Lines are a guide for Ihe eye. 

while the last one is obtained by fitting the values of a in the 
low absorption region to the equation [ 121 

3. Results 

The values of the optical gap for the three different types 
of films are shown in Fig. I. The tilms with as-grown x = 
1.16 show a significant increase of the optical gap for 
moderate annealing temperatures, being the point of inver- 
sion of the trend between 700 and 800°C. The other two 
types of film show much less pronounced variations and 
the turning point is at a lower temperature for the case of 
s = 0.97 and at a higher one for .r = 1.55. We know from 
previous measurements of infrared spectra [8] of these films 
that those with as-grown .r = I A6 show both N-H and Si-H 
bonds. the former predominating over the latter. In the case 
of the films with as-grown .V = 0.97 the Si-H bonds predo- 
minate over the N-H bonds. while in those with .V = 1.55 
only K-H bonds are observed. We also know from the 
measurements of composition [S] that the films with both 
Si-H and N-H bonds experience a loss of nitrogen for 
temperatures above 600°C. while those without detectable 
Si-H bonds (.v = 1.55) maintain a constant composition on 
annealing up to 105O’C. 

The values of the Taut coefficient are plotted in Fig. 2 and 
those of the Urbach energy in Fig. 3. In the case of B, each 
data point is the average of the values obtained with the two 
methods. while for E,, we only show the results from the 
method based on the transmission and reflection spectra 
because the method based only on the transmission spec- 
trum does not yield values of the absorption coefficient deep 
enough into the Urbach edge. The inverse correlation exist- 



ing between the trends of these two paramelers had been 
observed before f 131, but to our knowledge, not as a func- 
tion of annealing temperature. 

As it happened with the optical gap, it is the sample with 
as-grown x = 1.43 that undergoes the larger variations in B 
and Eo. This sample series has a maximum of the Taut 
coefficient at about 700°C and a minimum of the Urbach 
energy around 600°C. The films with as-grown x = 1.55 do 
not have as noticeable a maximum and minimum. but still 
there is a slight increase of B up to a turning point between 
800 and 900°C and a minimum of E,) at about 950°C. The 
case of the series with as-grown x = 0.97 is different. No 
maxima nor minima are observed. The values of the Taut 
and Urbach parameters are roughly constant up to a 
temperature of 600°C. At about this temperature B initiates 
a slight increase accompanied by a corresponding decrease 
in Eo. 

4. Discussion 

We will explain the results on the basis of the band struc- 
ture of silicon nitride and the important concept of percola- 
tion of Si-Si bond chains in the amorphous lattice of silicon 
nitride. We know from our previous study [8] of the infra- 
red spectra that there is a significant amount of non-bonded 
hydrogen in the films with s = 0.97 and s = 1.43. At 
moderate annealing temperatures this hydrogen forms 
bonds with Si and N, especially with the first one, a fact 
that is observed in an increase of the Si-H and N-H bond 
density. The density of Si-H bonds continues to increase 
with annealing temperature up to 500°C for the case of x = 
0.97 and up to 700°C for .r = 1.46, while the density of N-H 
bonds starts to decrease at lower temperatures, indicating 
that the following well known network reaction is taking 
place el4] 

Si-Si+N-H+Si-Nisi-H (3) 

This reaction is based on the tendency for chemical order- 
ing. A consequence of replacing Si-Si bonds with Si-H is 
that the valence band edge decreases and hence the optical 
gap increases. As the samples with s = 1.43 have much 
more N-H bonds than those with x = 0.97, this reaction 
occurs to a much Iarger extent in the former than in the 
latter, explaining why the increase of the optical gap is 
higher in the films with x = 1.43. In the films with .Y = 
0.97 the amount of N-H bonds is not enough to produce a 
significant increase of the optical gap with annealing 
temperature. The case of the films with x’ = 1.55 is different 
in the sense that no Si-H bonds are detected at any anneal- 
ing temperature and no variation in the N-H bond density is 
detected up to 900°C. Therefore the above reaction is not 
taking @ace and the consequence is that there is no signifi- 
cant increase of the optical gap. 

For temperatures above a certain threshold which 
depends on the composition the optical gap undergoes a 

decrease associated wi&h ihe release of hydrogen and nitro- 
gen. In the case of the films with both Si-H and X-H bonds 
this is explained by the following bond reaction 

Si-H+H-SiN-H--tSi-Si+T\i’H~t (4) 

while for the films without Si-H bonds the reaction is 

Si - N - H + Si - N - H - Z(Si - N) + Hz f (5) 

In the first case the destruction of Si-I-I bonds and the 
formation of Si-Si bonds will lower the gap, while in the 
second case it is well known that a large proportion of N-H 
groups raises the conduction band edge Ieaving unaltered 
the valence band, and therefore it is expected a reduction in 
the optical gap when they are lost above 900°C. 

To explain the trends observed for the Taut coefficient 
and the Urbach energy we must resort to the concept of 
percolation. Both parameters are indicative of the amount 
of disorder in the network. When the disorder increases the 
Taut coefficient decreases and the Grbach energy rises [ 131. 
In Figs. 2 and 3 we have observed two different behaviors 
depending on whether the as-grown composition is above or 
below the percolation threshold s = 1.1. Below s = 1.1 
there is a percolation of the Si-Si bonds in the lattice and 
it is known that the sp’ hybridization of the &icon atoms 
form a tetrahedron which is a very rigid structure. When the 
silicon proportion is increased so that the stoichiometry s 
fdlls below the percolation threshold, the connectivity of the 
covalent graph is enhanced and the high coordination 
number of silicon increases the number of constraints 
present. This has the effect of producing a structure which 
is much more rigid and stressed. As a consequence, the films 
with x = 0.97 remain almost unaffected by the thermal 
relaxation. In the case of the samples with x = 1.43 and 
1.55 this thermal relaxation is clearly seen at temperatures 
below 600-700°C for the first case and 800-950°C for the 
second as an increase of B and a decrease of EC, while al 
temperatures above this an increase of band tailing indicates 
the destruction of order in the structure. These trends for the 
disorder parameters are stronger for the film with s = 1.13 
than for the one with x = 1.55. At low annealing tempera- 
ture this difference is a consequence of the bond Eq. (3), 
which takes place for the former but not for the latter and it 
is known to be a reaction of chemical ordering. At high 
annealing temperatures the reason is that the films with 
as-grown s = 1.43 lose nitrogen by means of bond Eq. (41 
approximating their composition to the percolation thresh- 
old .r = 1.1, and it is known that the clustering that occurs 
around this threshold produces a strong tailing of band edges 
[ 131. In that range of temperature the films with s = 1.55 
experience Eq. (5) and do not lose nitrogen. 

5. Conclusions 

We have studied the behavior of the optical gap, Taut 
edge and Grbach fail in a-Sm,?:H as a function of annealing 



temperature and we have related the changes observed with 
the evolution of the hydrogen content and the composition. 
There are two main factors determining the observed beha- 
vior: the composition below or above the percolation rhresh- 
old and the hydrogen bonds. The percolation of Si-Si bonds 
will determine whether the disorder of the structure and the 
tailing of the band edges will be more or less affected by the 
thermal annealing. A composition below the percolation 
threshold means a rigid structure whose order will be little 
influenced by the annealing, while a composition above the 
percolation threshold means that thermal relaxation will be 
possible at moderate temperatures. On the other hand. the 
hydrogen content determines which network bond reactions 
will be possible. These reactions are responsible for the 
changes observed in the optical gap. 
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