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First-principles simulations of atomic networks and optical properties of amorphous SiN alloys
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We reportab initio generated atomic networks of amorphous silicon-nitrogen alt&iN, , for 13 differ-
ent values of content[from O to the nearly stoichiometric compositionof (36/28)=1.29]. The amorphous
structures were obtained using a new thermal procedure. 64-atom periodically continued cubic diamondlike
cells, containing silicon and randomly substituted nitrogen, were amorphized by “heating” them to just below
the corresponding melting temperatures, gsin6 fs timestep and a Harris-functional based molecular dy-
namics code. After cooling, annealing, and optimizing, radial distribution functi@is=9 and optical gaps
were calculated for all samples. All the partial radial features obtained are new; the total RDF's agree very well
with the scarce experimental results. The electron energy levels were then calculated and the optical gaps
obtained using a novel Tauc-like procedure that is not sensitive to gap states and band tails. The gap values
agree with experiment.
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[. INTRODUCTION optical gaps depend strongly on the nitrogen contefur
0=x=1.33 so they can be tuned to fit specific needs in solar

Simulating the atomic and electronic structure of amor-cells. Some semiempirical studies have been done on their
phous semiconductors has proven to be a difficult task. Efelectronic structure, optical gaps and RDF’'s and a first-
forts have been pursued along two main lines: on the ongrinciples approach has been used oradrhocconstructed
hand the classical modeling of interatomic potentials thafmorphous cluster structure. Since no first-principles attempt
have permitted the study of large samples of pure element§as been reported at simulating random networks, and there-
with thousands and millions of atoms$;on the other hand fore at simulating realistic total and partial RDF’s, aal
the quantum methods, parametrizeshd ab initio, that aim  initio approach that adequately generates, describes, and pre-
at describing the systems without recourse to classical poteslicts the atomic topology cd-SiN, can be useful to under-
tials that, by necessity, leave out interactions and correlationstand their electronic features and can be applied to other
proper to the quantum entities that form the systems. Alcovalent amorphous materials.
though both the classical and the parametrized quantum ap- Preciseab initio calculations of optical gaps in crystalline
proaches arguably have the shortcoming of the nontransfeBemiconductors is a difficult problem. The common approxi-
ability of the atomic potentials, they both are used when anations used within density-functional thediyFT) always
more specific description is sought and the correspondingnderestimate these gaps; DFT is a ground-state theory and
potentials are known. However, thad initio techniques are the transition of electrons to the conduction band cannot be
the way to go whenever good qualitative universal results arédequately described. Nevertheless, recent attempts due to
required and whenever new parameters are needed for th@®uie and co-workers and Reining and her group, using He-
above-mentioned approximate technigfideir shortcom-  din’s many-body approachare promising. However, tack-
ing is the large computer resources needed to deal with cell§1g realistic random networks with these techniques is not
of several hundred atoms that would make the description afet possible since the large number of atoms and the lack of
the electronic and atomic structures of amorphous semicorgymmetries in the amorphous cells make them computation-
ductors more inclusive. ally untractable at present. Moreover, in crystalline solids

Amorphous SiN alloys have attracted a great deal of at- HOMO's (highest occupied molecular orbitand LUMO’s
tention in the last decades since they have electrical, opticallowest unoccupied molecular orbitaisan be identified and
and mechanical features useful from the applicational view2 “gap,” equal to the difference LUMO-HOMO, may be
point and their accentuated covalency makes them very irdefined. In real amorphous materials HOMO's and LUMO’s
teresting from the basic point of view. Nevertheless the exare usually associated with stateghin the gap and conse-
perimental and theoretical knowledge of their atomic,quently their difference bears little resemblance to any ex-
electronic, and optical properties is not as ample as its imperimentally meaningful value of a gap. Therefore it is im-
portance merits. For example, experimentally their total rafortant to devise alternative methods to determine optical
dial distribution functiongdRDF's) are practically unknown, gaps of amorphous networks.
except for the stoichiometric composition, and the partial
radial featurgs are nonexistent. Th.eoretically, aio initio Il. PREVIOUS WORK
attempt at simulating total and partial RDF's has been per-
formed, although first-principles studies of the electronic The experimental and theoretical activity prior to 1990 is
properties of previouslglassicallygeneratedwith Tersoff-  well documented in a paper by Robertson where pertinent
like interatomic potentiajsrandom structures have been re- references can be fourfdn this work Robertson reports his
ported recently. Experimental studies have shown that theirsemiempirical tight-binding calculations for the optical gaps
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and also reports several gaps for hydrogenated and nonhgtructure of hydrogenated amorphous silicas§i:H, and to
drogenated-SiN, alloys. the generation of random networks of C, Si, Ge, and silicon

Voskoboynikov et al® studied experimentally some nitride using only 64-silicon atom cells is reasonable, despite
RDF'’s and optical gaps of silicon-rich silicon-nitrogen films the small number of atoms in the cell. No doubt, being able
as a function of the gas ratio, as early as 1976. It was thefp handle a sample with more than 64 atoms would allow us
observed that the gaps increased as a function of the nitrogd@ Study larger defects such as voids, but nevertheless the
content; the films seemed to contain hydrogen and large cluesults found are encouraging. We believe our success is due
ters of silicon. Their optical absorption curves already indi-to two factors: first, we amorphize the cell at temperatures
cated pronounced tails for nitrogen-rich samples. Experimentist below its melting point, thus avoiding the appearance of
tal radial distribution functions are scafcand, to our Undesirable structures that are generated when samples are
knowledge, only total ones for the stoichiometric amorphoudiquified first and solidified next; second, we use a quantum
composition exist’ A Gaussian-based decomposition of the code based on the Harris functional that incorporates “quan-
second peak of the total stoichiometric RDF into its partialtum” forces as derivatives of the energy obtained. It is
contributions was carried out by Misaved al. in Ref. 10.  knowrf? that the melting temperature &fSi is 250 °C lower
Electronic structure studies af-SiN,, in the range &x  than the melting temperature ofSi and therefore we expect
<2, were performed by Kaheret al** using x-ray photo- it tO be above the melting temperature_s of the respective
electron spectroscopy where the valence band was tho@Morphous phases of all the alloys considered here by stay-
oughly analyzed and the Si-N bonding was studied. It had'd just below the melting temperatures of the crystalline
now been established that the optical gapaeBiN,:H in- ~ counterparts. We now apply thesad initio methods to the
creases ag increases, slowly at first, and close to the sto-generation of atomic rano_lom networks for 26 structures of
ichiometric compoundx=4/3=1.33, it attains its largest @SiN for 13 different nitrogen contents, where 0<x
value® There are some experimental results for the opticaf1.29. These networks lead to RDF's in good agreement
gap of nonhydrogenated amorphous silicon nitride reportedith what is known experimentally, and total and radial fea-
by Sasakiet al'? and Daviset al.® and the conclusions are tures are predicted for a variety of nitrogen contents. We also
similar. present an approach, similar to the experimental Tauc

Some theoretical efforts are based on the semiempiricdnethod;® to obtain optical gaps of amorphous materials
tight-binding approach like those due to Robertéavhere _based orab initio calculations of the electron energy levels
optical gaps are calculated. Xanthales al’® look at a in the valence and conduction bands. The optical gaps ob-
sample without gap states; they use a parametrized Kittlet@ined agree with existing experiments. This makes us rea-
Falicov method that draws upon parameters obtained b§onably optimistic that our method may be adequate for the
Robertson before 1990, and therefore less reliable. Bethe la¢nderstanding of atomic, electronic, and optical properties of
tice calculations have been done by Mastorenoet al* other amorphous covalent materials and that it may stimulate
and by San-Fabiamet al® also using semiempirical param- further experimental and theoretical studies in the area.
eters. Ordéjo and Ynduran®® do nonparametrized calcula-

tions ofa-SiNx where the equilibrium positions of Si and N . METHOD
atoms in clusters are ported to the alloy network constructed
ad hoc They obtain a wealth of information including opti-  The 26 amorphous samples of SiiNere generated using

cal gaps; however, tetrahedral coordination of the silicon atFASTSTRUCTURE_SIMANN*  (FAST for shory, a DFT
oms and threefold planar coordination of the nitrogen atom#nolecular-dynamics code that is based on the Harris
is assumedhroughout, with interatomic distances of 2.33 A functional?® and optimization techniques with a fast force
for Si-Si and 1.74-1.76 A for Si-N; compare to the crystal-generator to allow simulated annealing/molecular-dynamics
line values: 2.352 A for Si-Si and 1.71-1.76 A for SitNA studies with quantum force calculatioffsWe use the local-
general characteristic of practically all calculations/density approximation parametrization due to Vosko, Wilk,
simulations done up to date is that gap states, when consi@nd Nusair throughodt. The core is taken as full which
ered, are introduced either by hand, progressively replacingieans that an electron calculation is carried out, and a mini-
Si by N, or by the algorithms that generate the random netmal basis set of atomic orbitals was chosen with a cutoff
works, unlike the procedure we have established. Recentadius of 5 A for the amorphization and 3 A for the optimi-
semiempirical classical molecular-dynamics simulations byzation. The physical masses of nitrogen and silicon are al-
de Brito Motaet al'® produced structures whose total RDF’s ways used and this allows us to see realistic randomizing
are the subject of comparison with ours and the point ofrocesses of the nitrogen atoms during the amorphization of
departure for the study of the electronic properties of thes¢he supercell. The default time step is given Bn,i/5,
alloys?® Since these RDF’s do not closely agree with existingwheremy,;, is the value of the smallest mass in the system
experiments, the structures might not be adequate to studyt.73 fs for this case however, in order to better simulate
their electronic structure. Densities of states, RDF’s, and opthe dynamical processes that occur in the amorphization, a
tical gaps for the crystalline and amorphous forms have alstime step of 6 fs was used throughout. The forces are calcu-
been reported by Ren and ChitigRobertsof and Ferreira  lated using rigorous formal derivatives of the expression for
etal? the energy in the Harris functional, as discussed by Lin and
Our recent worfhas demonstrated that the application of Harris?® For each atom, one function is used to represent the
ab initio techniques to the study of the atomic and electroniccore part of the density and another to represent the valence
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TABLE I. Contents, amorphization temperatures, densities anat al® Once this first stage was completedsT was used to

gaps fora-SiN, . subject each cell to annealing cycles at 300 K with interme-
: diate quenchings down to 0 K. Finally, the samples were
Sample X Amorph. Density Average  energy optimized to make sure the final structures would
temp. (K) (g9/co gap(eV) have local energy minima.
SieaNo 0.000 1680 2329 1.09 To calculate the optical gaps we use the method described

elsewheré! The optical absorption coefficient, the frac-

SigNs 0.085 1747 2.435 1.11 ; ; .

SiNog 0.185 1814 9512 1.05 tion of energy lost by_ the wave on passing through a unit
. thickness of the material considered, for interband transitions

SiggN1s 0.306 1881 2.600 1.19 is given by?

SisNao 0.455 1948 2.694 1.69

SisgNos 0.641 2015 2.803 2.49 N(E)N(E+#%w)|D|?dE

SizN3o 0.882 2082 2.931 3.41 a=(4m/nyc)(2me’h*Q/m?) f — :

SizNa; 0.939 2095 2.957 3.73

SN 1.000 2108 2988 4.10 whereD is the matrix element for transitions between states

SigNa3 1.065 2122 3.017 4.31 in different bandg(_?/ax, which will be taken to be t_he same

SigNas 1.133 2136 3.048 4.08 as th5a2t fo_r transitions between e_xtended states in the same

SipgNas 1.207 2149 3.081 4.69 band;“ (without the factorm/m*); i.e.,

SirgN3g 1.286 2162 3.115 4.95

D=m(a/Q)¥?

wherea is the average lattice spacing afidis the volume of

density. The types of orbital basis #sT areminimal (con- ~ the specimen. _ o
sisting of the atomic orbitals occupied in the neutral atom; ©One characteristic feature of optical absorptioramor- -
spvalence typg standard(broadly equivalent to a Double Phoussemiconductors is that certain selection rules, which
Numeric basis sgt and enhanced(broadly equivalent to a €Xist for optically induced transitions irystallinematerials
double numeric set together with polarization functioiqie  (particularly the conservation df), are relaxed.
evaluation of the three-center integrals that contribute to the For interband absorption in amorphous semiconductors
matrix elements in the one-particle Schrodinger equation i§he following assumptions are commonly made:
the time-limiting feature ofAsT and each is performed using (&) The matrix elements for the electronic transitions are
the weight-function method of Dell&y. constant over the range of photon energies of interest and
In order to test the adequacy of the amorphous structure@ven by D= m(a/Q)"2
obtained withFasT we used it to calculate the size of the  (b) The k-conservation selection rule is relaxed. As in
crystalline cell ofg-Si;N,, that minimizes the energy attiie ~ Mott and Davis}” we take the matrix element to be the same
point. The experimental crystalline volume is given by Whether or not either the initial or final state, or both, are
145.920 & % whereas the volume obtained in our calcula-localized.
tion is 146.797 &; a deviation of only 0.6%. This makes us Under these conditions the optical absorption coefficient
cautiously confident about the use ffsT to generate ran- @ for interband transitions, is given by
dom networks of silicon-nitrogen alloys. 4oro
To avoid quenching from a melt, we amorphized the crys- _8n'e h af Ny(E)Ne(E+7 w)dE
talline diamondlike structures, with a total of 64 atoms in the “” NyCMPw V(E)Ne( @)=
cell [ (64—y) silicons,y randomly substituted nitrogens, and _ o _ )
x=yl(64—y)] by heating them up, linearly, from room tem- where the m@egratlon is over all pairs of states in the valence
perature to just below the corresponding melting point forand conduction bands separated by an enéigy n, is the
eachx, and then cooling them down to O K, Table I. To refractive index, assumed to be independent of el_"r’@rgy.
determine the melting temperatures for each concentration FOr amorphous tetravalent semiconductors this leads to
we linearly interpolated between pure silicon and the conthe well-known relationshig'e/(w)% o = constfi w — Eo) ob-
centration of nitrogen in the stoichiometric compound, 57%tained by Tau€ under the assumption of parabolic bands.
and then remained a few degrees below these VAl(Bable  This formula has been used extensively by experimentalists
). This then was followed by cycles of annealing andto obtain the optical gaf, by fitting a straight line to the
quenching at temperatures suggested by experiment and thisnw-energy end of the data, plotted §s(w)hw vs (hw

the structures were energy optimized. —Ep), and looking at the intersection of this line with the
Since the 6 fs time step was kept constant for all runs anthorizontal axis & w—Eg).
the amorphization temperatures increased withas indi- Since « is proportional to the fraction of energy lost by

cated in Table I, the heating/cooling rates varied from 2.3Ghe wave on passing through the material, this implies that it
X 10" K/s for pure silicon, to 3.1% 10' K/s for x=1.29.  is proportional to the number of electronic transitions that go
The atoms were allowed to move within each cell, with pe-from the valence to the conduction bam(% w). Therefore
riodic boundary conditions, whose volume was determinedlotting VN(% w)#% w, instead ofya(w)% w, should give the

by the corresponding density and content, Table |. The dersame type of behavior as experimentally observed although
sities were taken from the experimental results of Gurayavith a different slope; however, the intersection with the
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FIG. 1. (Color onling Optical absorption curves faminimal,
standard and enhancedorbital sets for one of the two runs. The FIG. 2. (Color online Radial distribution function for pure sili-
cutoff radius is 3 A for(a) and(c) and 5 A for(b) and(d). In (@) and  con with a 6 fs timestep. The light curves are the upper and lower
(b) the symbols refer t@-SiN; »,9 and the lines t@-Si. experimental bound&Ref. 4.

horizontal 2w axis, the optical gajt,, remains unaltered. to mimic th . tal dt q th
This is precisely what we do. To find the optical gap we look 0” m'm'_?h € exp_enmenl a péocessgs usi OI produce these
at the intersection of the linear fits to the low-energy end o oys. The atomic topology determines the electronic prop-

the absorption curves, théN (hw)%w data. The linear fits erties of the amorphous samples and therefore, any under-

are carried out as follows: we look at the low-energy regionstanding of the RDF’s and the atomic distribution in the ran-

of the absorption spectrum=0hw=<10 eV and fit it with a dom networks is relevant for the characterization of the

straight line, choosing the line that gives the best linear fit forelectronlc and optical properties of these materials.
We performed two runs for eack value, and fromx

the largest number of points. The errors estimated for the_0 88 Si. Na) th ber of nit . q
slopes of these linear fits are smaller for the purer samples - on @-SizN3g) the number of nitrogens was increase

and increase due to the presence of states within the gap fope ata time to be able to map the interesting processes that

high nitrogen contents. For example, for pure silicon theoccurfor these contentpercolation of the Si-Si bonds, wid-

slope is 7.4960.251 and for the nearly stoichiometric ening of the optical gaps, §tcThe total and partial RDF's

sample 7 162 1 1'1 and the optical gaps of each of the 26 runs are calculated and
Both tHe cutbff fadiu%2 and the completeness of the or- averaged by corresponding pairs. In Fig. 2 we present the

bital sef* play a role in simulations. To test this we calcu- total RDF for an amorphous structure of pure silicon con-

lated the energy levels at tHe point using the three orbital structed wih a 6 fstime step; the light curves are the upper

22 nd lower experimental n tained from revi
sets ofFAST: minimal, standardandenhancedor two cutoff and lower experimental bounds obtained from a previous

- ————— work* It can be seen that our simulations agree very well
ra_ldu 3Aand5 A and plotted/N(# )% for the three sets. with the experiment since our RDF falls within these bounds
Figure Xa) depicts the results for one of the two runs, both

for pure a-Si and fora-SisN, usingr,=3 A; Fig. 1(b) de- and the four experimental radial peaks are reproduced very

. . ; : . nicely.
picts the same information but now fog=5 A; the__lmes are All total and partial RDF’s for each of the 12 nonzero
for pure silicon whereas the symbols refer to silicon mtnde.values ofx are given in Fig. 3, since this is the experimental
The shoulders observe.d. for the silicon mtnde curves at abOL1hformation most frequently determined. The variation of the
30 eV are due to transitions from the nitrogelke band to

th duction band. Th tical btained i artial RDF’s for Si-Si, Si-N, and N-N as a function of con-
the conduction band. The way oplical gaps are oblained | nt, and their contribution to the total RDF, is shown. As the
illustrated in Figs. {c) and Xd) where the linear fits can be

. L . nitrogen content increases the first peak of the total RDF
appreciated. The combination that best describes the expe 9 b

. S . - r("1.85 A), which is due to the Si-N average nearest-neighbor

tmﬁental tr?ulas |sidtht()n|n|mal set \év'ih a:hcutoff rado'l' gf SSA’ K contributions,{nn), increases systematically and then)
|s|g3u c; NS OLf& € compared 1o those used Dy sankey; q; peak (2.45 A) decreases systematically. The third peak

etal™of ~2.6 A of the total RDF’s moves toward lower 3.25 A to 2.95 A,
asx increases since the N-N contribution becomes more pre-
dominant for high content. In our structures there are no
It should be kept in mind that our objective is to generate{nn) nitrogens since the content is below stoichiometry and
realistic amorphous structures®{SiN, and not, in any way, nitrogens have a marked tendency to bind to silicons. No

IV. RESULTS AND DISCUSSION
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FIG. 3. (Color online Total and partial RDF’s fom-SiN,. (a) x=0.09, (b) x=0.19, (c) x=0.31, (d) x=0.46, (e) x=0.64, (f) x
=0.88, (g) x=0.94, (h) x=1.00, (i) x=1.07, (j) x=1.13, (k) x=1.21, and(l) x=1.29.

nitrogen molecules are formed even though fo¢r1 the nitrogens around the silicon atoms and varies from zero to
starting diamond structurgoescontain nearest-neighbor ni- four, whereas the N-Si refers to tHan) silicons around
trogens. For the nearly stoichiometric sample; 1.29, Fig.  nitrogens and indicates that nitrogens immediately surround
3(1), the Si-Si{nn) contribution to the total RDF has practi- themselves with practically three Si, saturating its valence.
cally disappeared and this implies that there is a nitrogen The crossing of the Si-Si and Si-N plots x¢=0.7 is in
atom between every pair of silicons indicating a tendency tagreement with experimefibavis et al®). There is a cross-
form 6-atom closed rings, Si-N-Si-N-Si-N, typical of the ing of the Si-Si, N-Si, and N-N plots at~0.3 and a crossing
SizsN, structures. The growth of the Si-N peak as nitrogenof N-Si and Si-N atx~1.0 which have been observed ex-
increases bears out this behavior. This is also borne out byerimentally forhydrogenatedlloys by Gurayeet al.® Fig.

the results presented in Fig. 4 where a study of the averagéb). However, due to the presence of hydrogen a curvature
coordination numbergcn) in the 13 random networks is appears in thécn) for Si-Si, Si-N, and N-Si so, in order to
depicted. The following cutoff radii were used: Si-Si, compare our results to this experiment, we did the following.
2.55 A; N-N, 3.35 A; and Si-N, 2.15 A, which are the po- We carried out the sum of N-H and N-Si from the experi-
sitions of the minima after the first peaks of the correspondment, the average total number of atoms that surround a N,
ing partials. Figure @) shows the results of our simulations N-*, and plotted it along with our N-Si. We also did the sum
and it can be seen that the N-N plot flattensXer1.1, the  of the experimental Si-N, Si-Si, and Si-H, the average total
percolation threshold of Si-Si bond%;the Si-Si{nn) go  number of atoms that surround a Si, Si-*, and plotted that
from 4 to practically 0. The Si-N graph refers to tfen) along with our sum of Si-N plus Si-Si. This is presented in
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FIG. 3. (Continued.

Fig. 4(c). It is clear that our predictions closely agree with agreesqualitatively with the experiment, Misawat al. in

the integrated experimental results and show that our strudRef. 10, since it is formed by the average second neighbor,

tures are realistic. The discrepancies are most likely due t¢2n), contributions of mainly the N-N and Si-Si partials and

existing dangling and floating bonds. Our stoichiometricto a lesser extent by the Si-N partfdlThe third peak is

sample does not have voids because the coordination nuressentially due to the Si-N partial with a small contribution

bers observed are close to 3 for nitrogen, 4 for silicon, and &rom the N-N partial. In order tguantitativelycompare our

for Si-Si. It would also be difficult to observe large voids in predictions with the few available experiments we calculated

a 64-atom sample. the structure of the second peak of the nearly stoichiometric
The curves of Fig. 3 are plotted as they are, i.e., as theell considering whether the radial features were determined

number of atoms at a certain radial distance from a giverusing x rays or neutrons. To do so, one needs to use the

one. In order to compare with x-ray-or neutron-diffraction expression quoted by Aiyanet al.'°

experiments the corresponding weights should be calculated

and applied to the partial contributions and then summed to c2f? 2cqc,f4f) c

give the total RDF's; this we do for the stoichiometric ~ 9(F)= 02 = gu(n)+ (12 = 01+ ()2 22 g1,

sample where some experimental results have been reported.

The composition of the second peak of the total RDF for thisvherec, is the ratio of the number of Si atoms to the total

sample is given in Fig. ® and it can be observed that it number of atoms and, the ratio of N atoms to the total

2f2
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FIG. 4. (Color online Average coordination numbe¢sn) as a function ok. (a) Our results(b) Experimental results for hydrogenated
alloys from Gurayeet al. (c) Comparison of the integrated resulsee texk Lines are drawn as guides to the eye.

number.f, is the Si structure factor for x-ray scattering, or pare experiment and simulation we have plotted the average
the scattering amplitude for neutron scattering, and correslope, which is the average of the two corresponding values
spondinglyf, is for N. g;;(r) are the partial pair distribution of each of the two runs, as a function of the energy gap using
functions,g;,=gs;s;, etc. Finally,(f)?=(22 ,c;f;)?. a vertical coordinate given byN (A w)hw/h o (Fig. 8, left
Figure 5 shows the experimental and simulated resultgertical axis, triangle symbols The experimental results,
and the quantitative agreement is excellent even though thidght vertical axis, that Hasegawa and co-workers report, is
experimentalists only used Gaussian fits to simulate thgiven in units of 18 eV~ cm™%, so the most we can hope
structure of the second peak. It is understandable that silfor is the qualitative comparison of both results given in Fig.
cons are more prominent for x rays than for neutrons, and thé. The similarity is quite impressive, even though the experi-
opposite occurs for nitrogens. That is wHyc3,f2)/  mental results are for hydrogenateeSiN, samples, indicat-
(f)?1gsis{r) is more prominent for the x-ray simulation and ing that our approach seems to be along the right lines for
[(cf2)/(f)%]gun(r) is more prominent for the neutron amorphous covalent alloys as well.
simulation. For this peak x rays show a shift of the total RDF N Fig. 8 we plot the optical gaps of several experimental
toward higher values of which is reproduced in our simu- and theoretical results reported in the literatthr&he experi-
lations. mental hydrogenated results are due to Hasegzvak® and

Figure 6 is the comparison of oab initio results with the ~ Gurayaet al? The experimental nonhydrogenated gaps are
classical Monte Carlo simulations of de Brito Mcmaa”-s due to Sasaket a|.12 and Daviset al.g The simulations of
who used empirical potentials developadha Tersoff for the
interactions between Si and N. It is clear that although the
positions of some peaks are reproduced in both simulations,
the general behavior of the total RDF’s only agrees qualita-
tively at best. Comparison of the two simulational results
with experiment for the stoichiometric samples is also pre-
sented in this figure, where agreements and discrepancies ca
be appreciated.

For the optical gaps we first calculated the electronic en-
ergy levels of the valence and conduction bands atlthe
point with FAST to obtain «, the optical absorption coeffi-
cient. We then performed the Tauc-like approach described
before. This theoretical Tauc-like procedure bypasses com-
pletely the gap states and therefore ignores the nature of
these states leading to gap values comparable to experimen

Looking at the electronic structure of amorphous cells
with 64 atoms at thd" point is a well-known procedure in
the field. However it must be kept in mind that the larger the
cell and the larger the number of atoms in the cell the better
the approximation becomes. Here again the main obstacles
are the computational resources needed to deal with larger FiG. 5. Comparison of the simulatéa) and(c), and experimen-
cells. tal (b) and(d), structures of the second peak of the nearly stoichio-

The slope of our Tauc fit diminishes first and increasesnetric sample when x rays and neutrons are used, respectively. X
afterwards, as experimentally reported by Hasegatval® rays show a shift toward higher values rofor this peak, which is
(Fig. 7, right vertical axis, square symbpl order to com-  reproduced in our simulations.
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r(A) r(a) (Ref. 18 for the total RDF. The
- P T TR T T T M N i A I A A agreement is at best qualitative al-
(d) (e) though the position of some of the
] i peaks coincide for the samples
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Kia _a , I
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Ordejm et al® for samples without hydrogen, an atomistic V. CONCLUSIONS

calculation with adjusted parameters, are also included. The . I
optical gaps, calculated using our approach, are of the correc%We have devised ?ﬂb INitio process to generate amor-
order of magnitude and behave very similar to experimentPn0us networks of SiNalloys (0=x<1.29) that lead to
Our gaps are below all results fa<0.5 and above all re- atomic topologies in agreement with the existing ’experlmen-
sults forx=0.6. Forx~1.3 experiment and simulation be- (@l results. The atomic structures have total RDF's and aver-
come indistinguishable; the behavior clearly changesxfor 29€ coordination numbers that agree with the scarce experi-

~1.1, the percolation threshold of Si-Si bonds mentionedn€ntal results. The simulated partial RDF’'s show that the
above® Si-Si(nn) peak disappears as nitrogen increases indicating a

tendency to form 6-atom arrangements as the conte-

8
6 I Y IR T T T Y
— X Sasakiet al. (without H) —
5 4 A Hasegawa et al. (with H) r
~
7 S > 4 + Davisetal (without H) L
o \G—J’ 4 - % Gurayaetal. (with H) —
e Q.
'_q © — o Ordejon et al. (without H) +—
/)] Q) 3 N
8 - = I
O q
5 2 B
@) L
1 L
5 1 1 1 1 1 1 1 1 1 1 o
0 1 2 3 4 5
E G V 0 I I I I | I I I I | I I I
nergy Gap (eV) 0.00 0.50 1,00
FIG. 7. (Color onling Behavior of the Tauslopeas a function N Content x
of x. The right vertical axis, square symbols, are the experimental
results due to Hasegawat al. (Ref. 9 for glow discharge FIG. 8. (Color online Experimental and calculated optical gaps
a-SiN, :H. The left vertical axis, triangle symbols, are our results for amorphous alloys of silicon-nitrogen for various contentsee
using the Tauc-like approach. text) (Ref. 3]). Lines are drawn as guides to the eye.
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proaches the stoichiometric value. Experiment shows that foment. The optical gaps were obtained by a Tauc-like ap-
a-Si;N4, Si, and N form 6-atom closed rings, Si-N-Si-N- proach applied to all the electronic transitions that can occur
Si-N, typical of the crystalline N, structures. The growth between the valence and conduction states, using the as-
of the Si-N peak as nitrogen increases bears this out. Neumptions of Mott and Davi& and we found that the

nitrogen-ni_trogen _bonds, including molecular nitrogen, are, N{(Fw)fiw vs (hw—Eg) plots are very similar to the ones
observed in the final structures even though %orl the  reported experimentally for amorphous tetravalent semicon-
starting diamond structurgoescontain nitrogens next to one qyctors. In particular we calculated the variation of the slope
another. Fox~1.1 the effects of the peI’C0|atI0n threshold of of our Tauc-like fits to the |0w_energy end of the 0ptica|
the Si-Si bonds is observed in the N{®n) and in the op-  apsorption curves and this behavior agrees with what has
tical gaps. Fox~0.7 the Si-Si and Si-N neighbors are prac- heen experimentally reported by Hasegawa and co-workers
tically the same, as found experimentally. Also, Si-Si, N-Si,gn glow discharge-SiN, :H.°

and N-N are practically the same fo=0.3 as are Si-N-and  Qur approach, beingb initio, is of wider applicability
N-Si for x~1.0. The integrated experimental results and outhan classical or semiempirical ones and may be relevant for

simulations agree. The first prominent peak in the total RDRhe understanding of the physics of amorphous covalent ma-
of the nearly stoichiometric sample is due to Si-N and anerigls.

analysis of the second peak indicates that N-N, Si-Si, and
Si-N contribute to it, in quantitative agreement with experi-
ment. The third peak is mainly due to the Si-N, with a small
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