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Hydrogen role on the properties of amorphous silicon nitride
F. de Brito Mota,a) J. F. Justo, and A. Fazzio
Instituto de Fı´sica, Universidade de Sa˜o Paulo, CP 66318, CEP 05315-970, Sa˜o Paulo SP, Brazil

~Received 3 December 1998; accepted for publication 5 May 1999!

We have developed an interatomic potential to investigate structural properties of hydrogenated
amorphous silicon nitride. The interatomic potential used the Tersoff functional form to describe the
Si–Si, Si–N, Si–H, N–H, and H–H interactions. The fitting parameters for all these interactions
were found with a set ofab initio and experimental results of the silicon nitride crystalline phase,
and of molecules involving hydrogen. We investigated the structural properties of unhydrogenated
and hydrogenated amorphous silicon nitride through Monte Carlo simulations. The results show that
depending on the nitrogen content, hydrogen has a different chemical preference to bind to either
nitrogen or silicon, which is corroborated by experimental findings. Besides, hydrogen incorporation
reduced considerably the concentration of undercoordinated atoms in the material, and consequently
the concentration of dangling bonds. ©1999 American Institute of Physics.
@S0021-8979~99!00616-7#
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I. INTRODUCTION

Materials with large bulk modulus, comparable to that
diamond, have been focus of interest over the last decad1

Of all those prototypical materials, silicon nitride~SiN! has
been extensively investigated because of both its mecha
and electronic properties which make it suitable for seve
applications in the microelectronic industry. Besides its h
melting temperature and low mechanical stress, silicon
tride has high dielectric constant and large electronic gap
has been used in electronic devices as a charge storage
dium in memories or as a gate dielectric in thin films.

Amorphous silicon nitride is prepared by chemical vap
deposition using a silane~SiH4) and ammonia~NH3) gas
mixture at high temperatures, by sputtering silicon in a N3

atmosphere, or by plasma deposition from SiH4-NH3 or
SiH4-N2 gas mixtures. Hydrogen is always present in tho
processes, being incorporated into the samples in high
centrations. For example, silicon nitride prepared by che
cal vapor deposition may have up to 40% of hydrogen c
centration. Hydrogen changes the electronic and
mechanical properties of the material. It interacts with
dangling bonds which appear in the amorphous silicon
tride matrix. Besides, hydrogen incorporation is known
reduce the hardness of the material.2 Since hydrogen affects
silicon nitride properties, it is important to understand t
microscopic processes of hydrogen incorporation and di
sion inside the material. This becomes essential to impr
the properties of microelectronic films.

Theoretical modeling of silicon nitride~ab initio3,4 and
semiempirical5–8 methods! provided considerable informa
tion about the electronic structure of crystalline and am
phous phases. Although they have been successful in
scribing some properties, computational cost hinders t
extensive use to systems larger than a few hundred ato

a!Permanent address: Instituto de Fı´sica-UFBa, Campus de Ondina, CE
402105340, Salvador-BA, Brazil.
1840021-8979/99/86(4)/1843/5/$15.00
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However, for many systems of interest, thousands of ato
are required for a proper description. This motivated dev
oping interatomic potentials9,10 as alternatives in studying
structural properties. We have recently developed an in
atomic potential to describe silicon nitride systems11 using
the Tersoff functional form.12 It provided a reliable descrip
tion of amorphous silicon nitride in a wide range of nitrog
contents, from pure silicon to stoichiometric Si3N4 . Here we
extend our model to include the hydrogen interactions,
lowing the modeling of hydrogenated silicon nitride. The
are other empirical models to describe the Si–
interaction13,14 which have been developed to stud
hydrogen-terminated silicon surfaces. However, to o
knowledge our model is the only one which provides
empirical description of SiNH systems. This article is org
nized as follows: in Sec. II, we discuss the functional fo
and the fitting strategy to find the best set of parameters
all the interactions. In Sec. III, we test the potential to am
phous SiNx :H systems using Monte Carlo simulations, a
compare the results to available experimental data. We
discuss the structural properties of hydrogenated silicon
tride. In Sec. IV, we present final remarks.

II. THE INTERATOMIC POTENTIAL

Interatomic potentials for silicon nitride have been d
veloped previously.9,10 Although those models have bee
successful in describing some properties of the crystal
phase, their transferability to structures away from tho
used in the fitting remains untested. We have recently de
oped an interatomic potential for silicon nitride11 using the
Tersoff functional form.16 Our model provided a consider
able improvement in modeling amorphous silicon nitride in
wide range of nitrogen contents as compared to other em
cal models. The Tersoff potential,12 originally developed for
pure silicon, is a bond-order potential composed of a tw
3 © 1999 American Institute of Physics

icense or copyright; see http://jap.aip.org/about/rights_and_permissions



th
G

,
c-
n

i
nc

nd

y
k

sl
fo

te

s
re
lls
re

m
e
o
th
en

c
so
n
e
e
ra

r-
c-
c-
s to
our
nc-
he
H
nal
d to

l-
e-
ing

an

ave

1844 J. Appl. Phys., Vol. 86, No. 4, 15 August 1999 de Brito Mota et al.
body expansion with an implicit angular dependence on
local environment. This model was later extended to C,
and their alloys.16

Here our model11 is extended to describe the Si–H
N–H, and H–H interactions using the original Tersoff fun
tional form. The fitting parameters for those interactio
were found using a database which includedab initio and
experimental results of a few molecules. The database
cluded the experimental bond energy, interatomic dista
and vibrational wave number of the H2 molecule17 to de-
scribe the H–H bond. For the Si–H bond, we used the bi
ing energy and interatomic distance of the SiH4 molecule,18

while for the N–H bond, we used the NH~SiH3)2 molecule.19

The best set of parameters for hydrogen is determined b
least-squares approach.20 For the Si–Si interaction, we too
the parameters from the original Tersoff potential,16 while
for the Si–N interaction, we took the parameters previou
fitted by us.11 Table I presents the best set of parameters
all the interactions. The parameters for the Si–H~and N–H!
interaction may be computed by combining the parame
for Si and H~N and H! in the way developed by Tersoff.16

Here the parametersR and S for the hydrogen interaction
were not obtained arbitrarily during the fitting procedu
They were chosen such that the cut-off function fa
smoothly from 1 to 0 between the first and second nea
neighbors.

Table II gives the properties of some molecules co
puted using this empirical model as compared to experim
tal or theoretical data. The table also includes those m
ecules from the database. Overall, the results using
interatomic potential are in good agreement with experim
tal or theoretical data.

There are other empirical models for the Si–H intera
tions: one model can be described as a modified Ter
potential13 while the other model is an extension of the Bre
ner potential.14,15 Both models have been fitted to a numb
of SimHn molecules and have been used to study hydrog
terminated silicon surfaces. Our model provides an ove
poorer description of SimHn molecules than those

TABLE I. Best set of the parameters that define the Si–Si, Si–N, Si–H,
N–H interactions.

N Si H

A ~eV! 6.368143103 1.83083103 86.7120
B ~eV! 5.117603102 4.71183102 43.5310
l (Å21) 5.43673 2.4799 3.7879
m (Å21) 2.70000 1.7322 1.9800
b 5.2938031023 1.100031026 4.0000
n 1.33041 7.873431021 1.00
c 2.031203104 1.00393105 0.00
d 2.551033101 1.62173101 1.00
h 25.6239031021 25.982531021 1.00
R ~Å! 1.80 2.70 0.80
S ~Å! 2.10 3.00 1.00

x
N 0.00 0.65 0.76
Si 0.65 1.00 0.78
H 0.76 0.78 1.00
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models.13,14The Murty–Atwater model used a modified Te
soff functional form to describe the Si–H and H–H intera
tions, and the original functional form for the Si–Si intera
tions. That model required more than 40 fitting parameter
describe the Si–H and H–H interactions. In contrast,
model has the advantage of using exactly the original fu
tional form for all interactions, and describes not only t
H–H and Si–H interactions, but also the Si–N and N–
interactions. Besides, our model requires only 13 additio
parameters to describe all these interactions, and was fitte
a considerably smaller database.

III. STRUCTURAL PROPERTIES OF HYDROGENATED
SILICON NITRIDE

In a previous study,11 we discussed a theoretical mode
ing of amorphous silicon nitride having only Si and N sp
cies. Here we present a more realistic modeling by includ

dTABLE II. Properties of some molecules SinHmNk using this interatomic
potential as compared to experimental data andab initio calculations. Ener-
gies are in eV, distances in Å, force constants in N/cm, and vibrational w
numbers in cm21.

Expt./theory This work

H2

EH–H 4.8 eVa 4.8 eV
r H–H 0.74 Åa 0.74 Å
K 5.75N/cma 5.77N/cm
SiH4

ESi–H 3.42 eVa 3.30 eV
r Si–H 1.48 Åa 1.44 Å
uH–Si–H 109.5°a 109°
n 2100 cm21b 2206 cm21

NH~SiH3)2

EN–H 4.05 eVc 3.98 eV
r N–H 0.995 Åc 1.15 Å
uSi–N–H 117°c 120°
Si2H6

ESi–H 3.30 eV
r Si–H 1.49 Åd 1.44 Å
uH–Si–H 109.5° 109°
n 2155 cm21e 2206 cm21

SiH3

ESi–H 3.25 eVa 3.33 eV
r Si–H 1.48 Åf 1.43 Å
uH–Si–H 110.5°g 119°
n 1955 cm21h 2155 cm21

Si2H4

ESi–H 3.35 eV
r Si–H 1.48 Åf 1.43 Å
uH–Si–H 112.8°g 119°
n 2155 cm21

SiH
ESi–H 3.14 eVf 3.35 eV
r Si–H 1.51 Åb 1.44 Å
n 2042 cm21b 2155 cm21

aReference 15.
bReference 29.
cReference 17.
dReference 30.
eReference 31.
fReference 32.
gReference 33.
hReference 34.
icense or copyright; see http://jap.aip.org/about/rights_and_permissions
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1845J. Appl. Phys., Vol. 86, No. 4, 15 August 1999 de Brito Mota et al.
hydrogen, which is generally present in amorphous silic
nitride in high concentrations.21 The simulations were per
formed using the Monte Carlo method22 with periodic
boundary conditions and up to 3000 atoms depending on
nitrogen and hydrogen concentrations of each system.
internal stress was released by allowing volume relaxa
~NPT ensemble!22,23during the simulations. For each syste
the simulation started at a very high temperature (T.6000
K!, when the material was essentially liquid. Then, the te

FIG. 1. Total correlation functiong(r ) for amorphous silicon nitride: unhy-
drogenateda-SiN1.33 ~dashed line! and hydrogenateda-SiN1.33 ~full line!.
Downloaded 18 Jan 2013 to 200.128.60.106. Redistribution subject to AIP l
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perature was slowly reduced~by 5%! in a simulated anneal
ing scheme until it reached room temperature~300 K!. Then
the statistical properties were computed over several c
figurations. The properties of thea-SiNx anda-SiNx :H sys-
tems were compared to recent experimental data.24

In crystalline silicon nitride~Si3N4),25–27a N atom binds
to three Si first neighbors in a near planar structure (sp2

hybridization!. A Si atom binds to four N first neighbors in
near tetrahedral structure (sp3 hybridization!. In the amor-
phous phase for the stoichiometric Si3N4 , nitrogen has a
chemical preference to bind to three silicon, but silicon m
bind to other silicon atoms. The local order of amorpho
and crystalline phases, described by the total correla
function, are equivalent.5 However, in the random network
of the amorphous matrix, some dangling bonds may form
a result of the deformed structure. These dangling bond c
ters, which are related to undercoordinated Si and N ato
create electronic levels in the gap of the material. Hydrog
incorporation can passivate these dangling bonds.

Figure 1 shows the total radial distribution functiong(r )
for hydrogenated~10%! and unhydrogenated SiN1.33. For
the unhydrogenated silicon nitride the first peak correspo
to the Si–N bonds. This peak is found at 1.73 Å in excelle
agreement with experimental data of 1.729 Å reached
neutron scattering.28 A second peak around 2.60 Å corre
sponds to Si–Si bonds which are still present even at s
high nitrogen concentration. A third peak, around 3.1 Å, c
responds predominantly to N–N second neighbors. A sm
peak around 2.2 Å can also be observed. This peak co
from undercoordinated Si and N atoms. As can be obser
in the figure, hydrogenation practically removes this pe
For the hydrogenated silicon nitride, theg(r ) changes as a
result of hydrogen binding to N or Si atoms. The large pe
around 1.73 Å keeps its height and radial position. The th
small peaks below 1.73 Å correspond to H–H~0.75 Å!,
N–H ~1.15 Å!, and Si–H~1.50 Å! bonds.

Figures 2~a! and 2~b! show the average coordinatio
r
-

FIG. 2. Average coordination numbe
at Si and N sites as a function of nitro
gen content (x). The simulation re-
sults ~full symbols! are compared to
experimental data~open symbols! ~see
Ref. 24!: ~a! unhydrogenated and~b!
hydrogenated~10% hydrogen atomic
concentration! silicon nitride. ~a! and
~b! show nSi~Si! (h), nN~Si! (n),
nSi~N! (s). ~b! also showsnH~N! (,)
andnH~Si! (L).
icense or copyright; see http://jap.aip.org/about/rights_and_permissions
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1846 J. Appl. Phys., Vol. 86, No. 4, 15 August 1999 de Brito Mota et al.
numbers on the Si and N centers for different nitrogen c
tents as compared to experimental results.24 Those experi-
ments obtained indirectly the density of bonds and the m
number of nearest neighbors of the Si and N atoms by c
bining x-ray photoemission spectroscopy, electron-ener
loss spectroscopy, and optical absorption. The figures s
the coordinationnA(B), the average number of neare
neighborsA around atom typeB. This coordination is de-
fined as the average number of neighbors inside the ra
distribution function up to the covalent radius of that spec
atom. In the case of unhydrogenated silicon nitride@Fig.
2~a!#, at x50 (a-Si!, each Si atom has an average coordin
tion of 4.1. As x increases, the N atoms compete with
atoms to form bonds, and the coordinationnSi ~Si! drops
from 4.1 to about 0.9 atx51.5. On the other hand, the co
ordination nN ~Si! grows linearly from zero to four. The
coordinationnSi ~N! is about 3.0 for all the range ofx. This
behavior is consistent with the fact that N atom has a che
cal preference to bind to three Si atoms.29 Although Fig. 2~a!
shows the correct trends for the average coordinations, al
theoretical coordinations are an overestimation of the exp
mental data. This may be explained because the sample
which the experiments were performed, had considera
high hydrogen concentrations. Since hydrogen comp
with the other atoms to form bonds, a more realistic co
parison should also include hydrogen. That result is show
Fig. 2~b!, which presentsnSi ~N!, nSi ~Si!, nN ~Si! nH ~N!,
andnH ~Si!. The hydrogen incorporation does not change
overall trends of the coordinations. The hydrogen cause
decrease in thenSi ~N!, nN ~Si!, andnSi ~Si! coordinations.
This is because hydrogen competes with Si–N and Si
bonds in order to form Si–H and N–H bonds. Figure 2~b!
also shows the competition between the Si–H and N
bonds. For low nitrogen contents (x,1.25), hydrogen has a
preference to bind to silicon rather than to nitrogen, a
nH(Si).nH(N). This chemical preference switches atx
'1.25, which is in good agreement with the experimen
data.24

We also studied the role of hydrogen in removing da
gling bonds in the amorphous silicon nitride. We perform
the calculations using SiN1.33:Hy for several hydrogen con
tents~0%,y,40%!. The simulation for each hydrogen con
tent started at a very high temperature, which was slo
reduced in a simulated annealing process. The statis
properties of the system were computed for room temp
ture. Figure 3 shows the concentration of undercoordina
silicon and nitrogen atoms as a function of hydrogen cont
We defined that an atom is undercoordinated, and there
has at least one dangling bond, when its coordination
lower than three for nitrogen and four for silicon. A nitroge
atom may bind to a silicon atom~this bond is in average 1.7
Å! or to a hydrogen atom~this bond is in average 1.15 Å!.
Here we do not consider the N–N bonds, which are unlik
in a stable amorphous silicon nitride. We define that ther
a bond between a nitrogen atom and another atom when
are closer than a certain cut-off radius. We chose this cut
radius to be 10% longer than the largest average bond
tance of a specific specie. This essentially considers all at
inside the first peak in the radial distribution function. In t
Downloaded 18 Jan 2013 to 200.128.60.106. Redistribution subject to AIP l
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case of a nitrogen atom, we consider that all atoms ins
1.90 Å are neighbors. A silicon atom may bind to anoth
silicon atom~this bond is in average 2.35 Å!, to a nitrogen
atom~this bond is in average 1.75 Å!, or to a hydrogen atom
~this bond is in average 1.50 Å!. In the case of silicon, we
consider that all atoms within 2.60 Å are neighbors. Figur
shows that the concentrations of undercoordinated sili
and nitrogen atoms drop drastically as one increases the
drogen content in the material. However, the nitrogen d
gling bond concentration drops considerably faster than
silicon dangling bond concentration.

We may relate the concentration of dangling bonds
the concentration of energy gap levels and consequentl
the electronic activity of the material. Several dangling bo
centers have been identified in amorphous silicon nitrid30

The two most important are the K and N2 centers. The K
center is related to a silicon atom bonded to three nitro
atoms with one dangling bond. The N2 center is related to a
nitrogen atom bonded to two silicon atoms with one dangl
bond. Hydrogen incorporation passivates these centers
moving gap levels in the material. Therefore, the results p
sented in Fig. 3 may be compared in the future to experim
tal results of the electronic activity of amorphous silico
nitride as function of hydrogen incorporation in the samp

IV. CONCLUSIONS

In summary, we have developed an interatomic poten
to describe hydrogenated silicon nitride systems using
Tersoff functional form. The model provided a reasonab
good description of bond energies and bond lengths for s
eral molecules. The model also provided a reliable desc

FIG. 3. Concentration of undercoordinated Si (n) and N (s) atoms as
function of hydrogen contenty ~in at. %!.
icense or copyright; see http://jap.aip.org/about/rights_and_permissions
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1847J. Appl. Phys., Vol. 86, No. 4, 15 August 1999 de Brito Mota et al.
tion of amorphous silicon nitride over a wide range of co
figurations and nitrogen and hydrogen contents.

The role of hydrogen on the structural properties of h
drogenated amorphous silicon nitride was investigated.
low nitrogen concentrations, hydrogen has a chemical p
erence to bind to silicon atoms. On the other hand, for h
nitrogen contents hydrogen atoms bind preferentially to
trogen. Hydrogen incorporation to silicon nitride provided
drastic reduction in the dangling bond concentration of b
silicon and nitrogen atoms. However, hydrogen appears t
more effective in passivating nitrogen dangling bonds th
silicon dangling bonds. This may in part explain why it
more difficult to experimentally detect the nitrogen dangli
bond ~N2) center than the silicon dangling bond~K! center.

The good transferability of the model would allow th
study of a number of systems in which thousands of ato
~or more! are required. The Si/SiN interface, for examp
has been the focus of attention over the last few years.
these interfaces are formed, as a result of growth of
material over the other, several dangling bond centers ap
there. These dangling bonds result from the mismatch
tween the two lattices. Hydrogen may passivate these d
gling bonds and therefore stabilize the interface. Understa
ing these passivation processes may be crucial to imp
the quality of devices which use these interfaces.
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