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Hydrogen role on the properties of amorphous silicon nitride

F. de Brito Mota,® J. F. Justo, and A. Fazzio
Instituto de Fsica, Universidade de"®aPaulo, CP 66318, CEP 05315-970,SRaulo 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 o&b 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. ®99 American Institute of Physics.

[S0021-897€09)00616-1

I. INTRODUCTION However, for many systems of interest, thousands of atoms
are required for a proper description. This motivated devel-
Materials with large bulk modulus, comparable to that ofoping interatomic potentials® as alternatives in studying
diamond, have been focus of interest over the last decadesstructural properties. We have recently developed an inter-
Of all those prototypical materials, silicon nitrid€iN) has  atomic potential to describe silicon nitride systémssing
been extensively investigated because of both its mechanictie Tersoff functional formt? It provided a reliable descrip-
and electronic properties which make it suitable for severation of amorphous silicon nitride in a wide range of nitrogen
applications in the microelectronic industry. Besides its highcontents, from pure silicon to stoichiometrigSj,. Here we
melting temperature and low mechanical stress, silicon niextend our model to include the hydrogen interactions, al-
tride has high dielectric constant and large electronic gap. llowing the modeling of hydrogenated silicon nitride. There
has been used in electronic devices as a charge storage nae other empirical models to describe the Si—H
dium in memories or as a gate dielectric in thin films. interactiot®!* which have been developed to study
Amorphous silicon nitride is prepared by chemical vaporhydrogen-terminated silicon surfaces. However, to our
deposition using a silan&SiH,) and ammoniaNH;) gas  knowledge our model is the only one which provides an
mixture at high temperatures, by sputtering silicon in aNH empirical description of SiNH systems. This article is orga-
atmosphere, or by plasma deposition from SMH; or  nized as follows: in Sec. I, we discuss the functional form
SiH,-N, gas mixtures. Hydrogen is always present in thoseand the fitting strategy to find the best set of parameters for
processes, being incorporated into the samples in high coll the interactions. In Sec. Ill, we test the potential to amor-
centrations. For example, silicon nitride prepared by chemiphous SiN:H systems using Monte Carlo simulations, and
cal vapor deposition may have up to 40% of hydrogen concompare the results to available experimental data. We also
centration. Hydrogen changes the electronic and theliscuss the structural properties of hydrogenated silicon ni-
mechanical properties of the material. It interacts with thetride. In Sec. 1V, we present final remarks.
dangling bonds which appear in the amorphous silicon ni-
tride matrix. Besides, hydrogen incorporation is known to
reduce the hardness of the matefi&lince hydrogen affects
silicon nitride properties, it is important to understand the; T4 INTERATOMIC POTENTIAL
microscopic processes of hydrogen incorporation and diffu-
sion inside the material. This becomes essential to improve Interatomic potentia|s for silicon nitride have been de-
the properties of microelectronic films. veloped previously:!® Although those models have been
Theoretical modeling of silicon nitridéab initic>* and  successful in describing some properties of the crystalline
semiempirical® method3 provided considerable informa- phase, their transferability to structures away from those
tion about the electronic structure of crystalline and amorysed in the fitting remains untested. We have recently devel-
phous phases. Although they have been successful in deped an interatomic potential for silicon nitrideusing the
scribing some properties, computational cost hinders theiTersoff functional formt® Our model provided a consider-
extensive use to systems larger than a few hundred atomgble improvement in modeling amorphous silicon nitride in a
wide range of nitrogen contents as compared to other empiri-
9permanent address: Instituto désiEa-UFBa, Campus de Ondina, cEp Cal models. The Tersoff potentigl originally developed for
40210=340, Salvador-BA, Brazil. pure silicon, is a bond-order potential composed of a two-
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TABLE I. Best set of the parameters that define the Si—Si, Si—N, Si—H, andTABLE |l. Properties of some molecules§i,N, using this interatomic

N—H interactions. potential as compared to experimental data alndhitio calculations. Ener-
gies are in eV, distances in A, force constants in N/cm, and vibrational wave
N Si H numbers in cm?.
A (eV) 6.36814< 10° 1.8308< 10° 86.7120 Expt./theory This work
B (eV) 5.11760< 107 4.7118 107 43.5310
N (ATY 5.43673 2.4799 3.7879 Hy
w (A7 2.70000 1.7322 1.9800 Enh-n 48 eV 48 eV
B 5.29380< 103 1.1000x 107 4.0000 MH-H 074 & 074 A
n 1.33041 7.873%10°! 1.00 K 5.75N/cnt 5.77N/cm
c 2.03120< 10* 1.003% 10° 0.00 SiH,
d 2.55103 10 1.6217x 10 1.00 Esi_n 342 eV 3.30 eV
h —5.62390 10" * —5.9825¢10* 1.00 I'sicH 148 & 144 A
R (A) 1.80 2.70 0.80 On-si-H 109.5® 109°
S(A) 2.10 3.00 1.00 v 2100 cm 1P 2206 cm'*
NH(SiH,),
X Enon 4.05 eV 3.98 eV
N 0.00 0.65 0.76 I N_H 0.995 XK 115 A
Si 0.65 1.00 0.78 Osi-N-H 117 120°
H 0.76 0.78 1.00 Si,Hg
= 3.30 eV
I'sicn 149 A 144 A
On-si-H 109.5° 109°
v 2155 cn te 2206 cm't
body expansion with an implicit angular dependence on the SiH;
local environment. This model was later extended to C, Ge, Esi-+ 3.25 eV 3.33 eV
and their alloys® ;Si*H_ 11%)";2 A 113043 A
Here our modéf is extended to describe the Si-H, "™ 1955 cnrih 2155 et
N-H, and H-H interactions using the original Tersoff func-  sj,H,
tional form. The fitting parameters for those interactions Esg_y 335 eV
were found using a database which includga initio and 'si-H 1~4§g A 1.43 A
experimental results of a few molecules. The database in- On-si-n 112.8 21115% -

cluded the experimental bond energy, interatomic distance giH

and vibrational wave number of the,Hnoleculé’ to de- Ee i 314 eV 335 eV
scribe the H—H bond. For the Si—H bond, we used the bind- rsi_y 151 A 144 A
ing energy and interatomic distance of the Siolecule!® v 2042 cm 2155 cm'*

while for the N—H bond, we used the N&iH3), molecule!®
The best set of parameters for hydrogen is determined by #®eference 15.
least-squares approathFor the Si—Si interaction, we took "Reference 29.
the parameters from the original Tersoff potentfaiyhile EEZ‘;‘;:‘;‘]EZ ég
for the Si—N interaction, we took the parameters previously¥reference 31.
fitted by us! Table | presents the best set of parameters fofReference 32.
all the interactions. The parameters for the Siadd N—H  ’Reference 33.
interaction may be computed by combining the parameterdieerence 34.
for Si and H(N and H in the way developed by Tersdf.

Here the parametei® and S for the hydrogen interactions 451314 The Murty—Atwater model used a modified Ter-
were not obtained arbitrarily during the fitting procedure. ¢« ¢ nctional form to describe the Si—H and H—H interac-

They were chosen such that the cut-off function fallSyjons and the original functional form for the Si—Si interac-
smoothly from 1 to 0 between the first and second nearesj,ng That model required more than 40 fitting parameters to
neighbors. describe the Si—-H and H-H interactions. In contrast, our

Table Il gives the properties of some molecules COM+yy e has the advantage of using exactly the original func-

puted using this empirical model as compared to experimenjona) form for all interactions, and describes not only the
tal or theoretical data. The table also includes those molg,_, and Si—H interactions. but also the Si—N and N—H
_ecules fr(_)m the _databa_se. Overall, the res%"ts using thif\eractions. Besides, our model requires only 13 additional
interatomic potential are in good agreement with experimeny ;.o meters to describe all these interactions, and was fitted to

tal or theoretical data. o a considerably smaller database.
There are other empirical models for the Si—H interac-

tions: one model can be described as a modified Tersoff

potential® while the other model is an extension of the Bren-”" STRUCTURAL PROPERTIES OF HYDROGENATED

ner potential*® Both models have been fitted to a number >'-/CON NITRIDE

of Si,H,, molecules and have been used to study hydrogen- In a previous study’ we discussed a theoretical model-

terminated silicon surfaces. Our model provides an overaling of amorphous silicon nitride having only Si and N spe-
poorer description of $H, molecules than those cies. Here we present a more realistic modeling by including
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6 perature was slowly reducetly 5%) in a simulated anneal-
ing scheme until it reached room temperat(8@0 K). Then
the statistical properties were computed over several con-
figurations. The properties of theSiN, anda-SiN, :H sys-
tems were compared to recent experimental &ata.

In crystalline silicon nitrideSisN,),2°~2"a N atom binds
to three Si first neighbors in a near planar structuse?(
41 1 hybridization. A Si atom binds to four N first neighbors in a
near tetrahedral structures§® hybridization. In the amor-
phous phase for the stoichiometrics8j, nitrogen has a
chemical preference to bind to three silicon, but silicon may
bind to other silicon atoms. The local order of amorphous
and crystalline phases, described by the total correlation
function, are equivalert.However, in the random network
of the amorphous matrix, some dangling bonds may form as
a result of the deformed structure. These dangling bond cen-
ters, which are related to undercoordinated Si and N atoms,
create electronic levels in the gap of the material. Hydrogen
incorporation can passivate these dangling bonds.

Figure 1 shows the total radial distribution functig(r)

/\ i for hydrogenated10%) and unhydrogenated SjN;. For
ol L = P R RSP R R the unhydrogenated silicon nitride the first peak corresponds
00 05 1.0 15 20 25 30 35 40 45 50 to the Si—N bonds. This peak is found at 1.73 A in excellent

r(A) agreement with experimental data of 1.729 A reached by
neutron scattering® A second peak around 2.60 A corre-
sponds to Si—Si bonds which are still present even at such
high nitrogen concentration. A third peak, around 3.1 A, cor-
responds predominantly to N—N second neighbors. A small
hydrogen, which is generally present in amorphous silicorpeak around 2.2 A can also be observed. This peak comes
nitride in high concentration®. The simulations were per- from undercoordinated Si and N atoms. As can be observed
formed using the Monte Carlo methddwith periodic  in the figure, hydrogenation practically removes this peak.
boundary conditions and up to 3000 atoms depending on thieor the hydrogenated silicon nitride, tigér) changes as a
nitrogen and hydrogen concentrations of each system. Thesult of hydrogen binding to N or Si atoms. The large peak
internal stress was released by allowing volume relaxatiomround 1.73 A keeps its height and radial position. The three
(NPT ensemblg?23during the simulations. For each system, small peaks below 1.73 A correspond to H+B.75 A),
the simulation started at a very high temperatufe-6000  N—H (1.15 A), and Si—H(1.50 A) bonds.

K), when the material was essentially liquid. Then, the tem-  Figures 2a) and Zb) show the average coordination

FIG. 1. Total correlation functiog(r) for amorphous silicon nitride: unhy-
drogenated-SiN, 33 (dashed lingand hydrogenated-SiN; 33 (full line).
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numbers on the Si and N centers for different nitrogen con-  30.0
tents as compared to experimental restfitShose experi-

ments obtained indirectly the density of bonds and the mean
number of nearest neighbors of the Si and N atoms by com- 55,
bining x-ray photoemission spectroscopy, electron-energy- L
loss spectroscopy, and optical absorption. The figures show 225 | %
the coordinationna(B), the average number of nearest -

27.5 p

neighborsA around atom typeB. This coordination is de- 200 1
fined as the average number of neighbors inside the radial 175 i
distribution function up to the covalent radius of that specific

atom. In the case of unhydrogenated silicon nitr[dég. 15.0 |

~—

2(a)], atx=0 (a-Si), each Si atom has an average coordina-
tion of 4.1. Asx increases, the N atoms compete with Si 125
atoms to form bonds, and the coordinating; (Si) drops [
from 4.1 to about 0.9 at=1.5. On the other hand, the co- I
ordination ny (Si) grows linearly from zero to four. The 75 \ -

coordinationng; (N) is about 3.0 for all the range of This

n (%)

behavior is consistent with the fact that N atom has a chemi- 5.0 o 0.

cal preference to bind to three Si atofig\lthough Fig. 2a) [

shows the correct trends for the average coordinations, all the > i \ °
theoretical coordinations are an overestimation of the experi- pol— o 1 1 i S
mental data. This may be explained because the samples, it 0 5 10 15 20 25 30 35 40 45 50
which the experiments were performed, had considerably y

high hydrogen concentrations. Since hydrogen competes

with the other atoms to form bonds, a more realistic com~FIG. _3. Concentration of undgrcoordinated Ri)(and N (©O) atoms as
parison should also include hydrogen. That result is shown iff"ction of hydrogen conten (in at. %9.

Fig. 2(b), which presentsig; (N), ng; (Si), ny (Si) ny (N),

andny (Si). The hydrogen incorporation does not change the,qe of 4 nitrogen atom, we consider that all atoms inside
overall trends of the coordinations. The hydrogen causes @ gg A gre neighbors. A silicon atom may bind to another
decrease in thes; (N), ny (Si), andng; (Si) coordinations.  jjicon atomi(this bond is in average 2.35)Ato a nitrogen
This is because hydrogen competes with Si-N and Si=Siiom this bond is in average 1.75)for to a hydrogen atom
bonds in order to form Si-H and N—H bonds. Figu@®)2 (s pond is in average 1.50)AIn the case of silicon, we
also shows the competition between the Si—H and N-H,qngider that all atoms within 2.60 A are neighbors. Figure 3
bonds. For low nitrogen contentg{1.25), hydrogen has a spows that the concentrations of undercoordinated silicon
preference to bind to silicon rather than to nitrogen, andyng nitrogen atoms drop drastically as one increases the hy-
Nu(Si)>ny(N). This chemical preference switches &t  grogen content in the material. However, the nitrogen dan-
“1-%?: which is in good agreement with the experimentalyjing bond concentration drops considerably faster than the
data: silicon dangling bond concentration.

We also studied the role of hydrogen in removing dan-  \ve may relate the concentration of dangling bonds to
gling bonds in the amorphous silicon nitride. We performedine concentration of energy gap levels and consequently to
the calculations using SifN3:Hy for several hydrogen con-  the electronic activity of the material. Several dangling bond
tents(0%<y<40%). The simulation for each hydrogen con- centers have been identified in amorphous silicon nitifde.
tent started at a very high temperature, which was slowlyrhe two most important are the K and, Nenters. The K
reduced in a simulated annealing process. The statisticglenter is related to a silicon atom bonded to three nitrogen
properties of the system were computed for room temperaatoms with one dangling bond. The, Nenter is related to a
ture. Figure 3 shows the concentration of undercoordinate‘;htrogen atom bonded to two silicon atoms with one dangling
silicon and nitrogen atoms as a function of hydrogen conteniyond. Hydrogen incorporation passivates these centers, re-
We defined that an atom is undercoordinated, and therefor,aho\,ing gap levels in the material. Therefore, the results pre-
has at least one dangling bond, when its coordination igented in Fig. 3 may be compared in the future to experimen-
lower than three for nitrogen and four for silicon. A nitrogen {5 results of the electronic activity of amorphous silicon

atom may bind to a silicon atofthis bond is in average 1.75 pitride as function of hydrogen incorporation in the sample.
A) or to a hydrogen atontthis bond is in average 1.15)A

Here we do not consider the N—N bonds, which are unlikely,

in a stable amorphous silicon nitride. We define that there isl,v' CONCLUSIONS

a bond between a nitrogen atom and another atom when they In summary, we have developed an interatomic potential
are closer than a certain cut-off radius. We chose this cut-offo describe hydrogenated silicon nitride systems using the
radius to be 10% longer than the largest average bond digrersoff functional form. The model provided a reasonably

tance of a specific specie. This essentially considers all atontgood description of bond energies and bond lengths for sev-
inside the first peak in the radial distribution function. In the eral molecules. The model also provided a reliable descrip-
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