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The electronic structure of silicon nitride has been calculated by the semiempirical
quantumchemical method MINDO/3 in the cluster approximation. The effect of cluster size and
of boundary conditions on the partial density of one-electron states is analyzed. The

results of the calculation are compared with experimental data on amorphous silicon nitride. The
origin of a peak in the upper part of the valence band, which is seen in the Spectrum

but not reproduced in the calculations is discussed. 197 American Institute of Physics.
[S1063-783®7)00708-9

The interest in studies of the amorphous silicon nitrideband-edge positions were determined by extrapolating x-ray
(a-SisN,) originates from its widespread use in electrohics emission and photoelectron spectraae8i;N,. %3
It exhibits a memory effect, i.e. it captures injected electrons A comparison of i, ; spectra of amorphous and crys-
and holes with a enormous delocalization rime. The nature dfalline SgN, in the @ and 8 phases indicates that the densi-
the deep centers responsible for the localization of electrones of Si 35(3d) states in these phases do not diffefhis
and holes ira-Si;N, remains, however, unclear*® implies that the PDS is determined, in a first approximation,

Most of the preceding band-structure calculations of sili-by short-range order in the atomic arrangement. We carried
con nitridé!~1® made use of non-self-consistent methods.out calculations for clusters representing fragments of crys-
However, the same time it appears essential to take into atalline 8-Si;N, (space grougP63/m). The geometric struc-
count self-consistency in calculations of charge-transfer sysure of amorphous &N, was studied in Refs. 25 and 26.
tems. A self-consistent version of the density functional  Dangling bonds at the cluster boundary were terminated
method was employed in Ref. 19. The nonempirical MOby hydrogen atoms. We divided the clusters into three
LCAO approach was used to calculate the electronic strucgroups according to the bonds they had at the boundary,
ture of defects in §N, in cluster approximatiof. The latter namely, N clusters (N—H bonds only, S clusters (Si—-H
study considered, however, a very smal(N&il,), cluster, bonds only, andU clusters(both N—H and Si—H bonds
which raises the question of the effect of boundary condi- The clusters studied in this work are depicted schemati-

tions on the results of calculations. cally in Fig. 1. Table | presents the numbers of Si—N bonds
and of SiH, and NH, fragments in the clusters under study.

1. ELECTRONIC SPECTRUM CALCULATION AND THE The S13,N46, andU90 clusters are centered on the nitrogen

CLUSTER STRUCTURE atom, and theN13 andS46 clusters, on the silicon atom. In

he N46 cluster, all nitrogen atoms, except for the central
ne, are bonded to the hydrogens. Similarly, all silicon atoms
in $46, except for the central one, are also bonded to the
hydrogen atoms. In contrast to tié13 and S13 clusters,
N46 andS46 contain six-membered closed rings. U0,
8nly three out of 24 silicon atoms have the correct SiN
Eoordination. At the same time only 15 out of 27 nitrogen
atoms have correct Ngcoordination.

We used the semiempirical quantumchemical metho
MINDO/3 (Ref. 21). MINDO/3 includes two two-center pa-
rameters {ag and Bpg) for description of the bonds cou-
pling atomsA andB. No MINDO/3 parameters for the Si—-N
bond are available in the literature. In the present work, thes
parameters were found from a fit to experimental values fo
the bond length and dissociation energy of the SiN
molecule??  The  values agy=1.053011  and
Bgin=0.434749 thus obtained were used in subsequent cal-

. o . L 2. COMPARISON OF THEORY WITH EXPERIMENT
culations. An additional analysis showed that variation of
these parameters does not lead to a noticeable improvement Figure 2 compares the PDS'’s calculated for B8 and
in the calculated band-edge positions for silicon nitride.  S13 clusters with the experimental ones obtained for

Unless otherwise specified, this paper presents graphs afSi;N, (Ref. 23. Also shown below is an x-ray photoelec-
partial one-electron densities-of-stateD9 at the central Si  tron (XPS) spectrum of the valence bafidvith the inelastic-

(or N) atom and the nearest-neighbor(br Si) atom. The scattering background subtracted. The experimental and cal-
discrete cluster levels were broadened by means of a Gaussdlated PDS’s in Fig. 2 and the subsequent figures are
ian with a halfwidth of 0.5 eV. The energies were reckonednormalized to the maximum valyseparately for the valence
from the energy of the electron in vacuum. The experimentahnd conduction bangls
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FIG. 1. Diagram of the clusters used in the calculations. The silicon anc
nitrogen atoms near the cluster center for which the PDS calculations wer -40
made are shown in black. a0

Energy,ev

FIG. 2. Comparison ofl) experimental PDS foa-Si;N, with calculations
These 13-atom clusters, small as they are, predict thter (2) S13 and (3) N13 clusters. Shown below in this and subsequent
existence of two valence bands. The lower one is forme&'gures is an XPS valence-band spectrum for a photon energy of 1486.6 eV
. . . after subtraction of the background due to inelastically scattered electrons.
primarily from nitrogen 3 states. The upper valence band
derives from the NP-,Si3s, 3p bonding and NP, non-

bonding states. The wave functions of thepy2states are  the central nitrogen in thBl46 cluster into three peaks. The
oriented perpendicular to the NSplane. The calculations ypper peak at an energy of25 eV is close to the N&
yield an overestimated band-gap width because of the smalknergy in SjN,. The lower peak at about 32 eV is shifted

ness of the cluster. The bottom of the conduction band ige|ative to the maximum of the N2XPS peak by 8 eV. The
formed from Si3 and N2 states.

The specific features of the silicon PDS are reproduced
better in arN 13 than ar513 cluster. This is explained by the Valence band Conduction band
fact that the silicon atom itlN13 has the correct structure of
the first coordination sphere. Calculations of &3 cluster
reproduce correctly the relative position of the &iand 1
Si3p PDS'’s in the lower valence band. Note the absence of |
the experimentally observed pe8kin the calculated Si 8 i
PDS close to the maximum of the upper valence band. While
the nitrogen atom ir513 is bonded to three silicons, this
does not improve the situation with the BIPDS compared
to theN13 cluster.

Figure 3 presents experimental and calculated PDS’s for
the central atoms of nitrogen and silictand those closest to
them for the N46 andS46 clusters. The N& level splits at

A ! .
Ay i I/ 313p
74 ) 1 [

Partial density of states

N2p
" ",

TABLE I. Number of Si—N bonds and of SjHand NH, fragments in
clusters. '"l !

1 E |l
Cluster ~ Formula  Si-N  SiH SiH, SiH; NH; NH, .t % N2s
s13 SisNHyq 3 0 0 3 0 0 I J !
N13 SiN;Hg 4 0 0 0 0 4 -40 -20 0 20
46 SiNoH,; 21 0 6 5 0 0 Energy,ev
N46 SNy eHos 24 0 0 0 6 9 _ _ , _ _
U9o ShaNo7Hso 69 18 0 3 12 0 FIG. 3. Comparison ofl) experimental PDS foa-Si;N, with calculations

for (2) S46 and(3) N46 clusters.
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splitting of the NZ peak into three features is due to the Valence band Conduction band

smallness of the cluster. An increase of cluster size should \‘,’l\/
i

bring out other harmonics, which will eventually form the N >
d

1

\

-

2s band. The large relative amplitude of the lower peak at

———

—32 eV is due to the PDS being related to the central atom. $i 3s (3d)

In these conditions, the Si3peak at—29 eV is formed by T |

the wave function which vanishes at this atom because of 3 i

symmetry. After summation over all nitrogen atoms, the 8 Hih

relative amplitude of the lower peak at32 eV in the “ [V siap

N2s PDS decreased severalfold. The anomalously high ; / \

lower peak in the lower SBPDS valence band calculated =3 7‘@

for the $46 cluster is of the same origin. The nitrogen atom 5 I

L . . ] I

in this cluster is not central, and therefore the lower peak in . iy

the N2s PDS has a substantially lower relative amplitude. :§ ! \ Nzp
The Si¥ and Sid states of the lower valence band § L. L]

calculated for theN46 cluster are shifted with respect to one

another in accordance with experiment. In 846 cluster, all

states in the lower valence band are shifted toward higher

binding energies, and the overall agreement with experiment

for this band is poorer than is the case with 6 cluster. -40
The calculated N@ PDS'’s forN46 andS46 reproduce Fnergy,eV

the general shape and width of the experimental PDS. The

agreement of experiment with calculations for thefBBDS  FIG. 4. Comparison ofl) experimental PDS foa-Si;N, with (2) calcula-

is worse for theS46 cluster than for th&l46. The calculated tions for theu90 cluster.

peak is shifted relative to the experimental position by 1.5

ev.
The calculation of the S8 PDS for theN46 cluster raises a question of the effect of boundary conditions on the

accuracy of such a PDS. To analyze this effect, Fig. 5 pre-
gients PDS'’s for silicon and nitrogen atomsNA6 andS46

clusters averaged over all Si and all N atoms, respectively. A
comparison with the PDS’s in Fig. 3, which correspond only
the upper valence band calculated for 846 cluster is to the central atoms in the cluster, reveals a number of sig-

shifted by 2 eV compared to the experimental and caIcuIateB'iﬁCant differences. On the yvhole, the averaged PDS's are
values for theN46. seen to agree even better with experiment, than those calcu-

reproduces the position of peak at —17 eV at the mini-
mum of the upper valence band. The calculated amplitude
peak B lying at about—11 eV is, however, considerably
lower than that obtained in experiment. The lower p&ak

Figure 4 shows the PDS'’s calculated for the0 cluster.

An increase in the number of atoms in the cluster is seen to
produce the expected changes in the PDS. The bands become Valence band Conduction band
more clearly pronounced. At the same time the spectrum
does not exhibit any significant features absent in the calcu-
lated patterns for th&l46 andS46 clusters.

The charge transfer to the Si—N bonds obtained in this
work, Aq=0.14e, is one half the experimental value,
Ag=0.30=0.0% (Refs. 2 and 2B MINDO/3 calculations
of SiO, also yield an underevaluated charge transfer to the
Si—O bondg/ %

3. EFFECT OF BOUNDARY HYDROGEN ATOMS ON PDS

Hydrogen atoms terminating the dangling bonds at the
cluster boundary approximate the effect of the nonexistent
remainder of the crystal. For the Si, H, and N atoms, the
Pauling electronegativity is 1.8, 2.1, and 3.0, respectively.
Therefore if we look at the situation from the standpoint of
correctly reproducing charge transport at cluster boundary,
N—H bonds appear more reasonable to use than the Si—H
bonds. On the whole, the results of the calculations confirm
that N clusters reproduce better the electronic structure of
silicon nitride thanS clusters do.

Cluster calculations quite frequently COUSider PE_)S’S AVFIG. 5. PDS's for thes46 andN46 clusters averaged over all silicon and all
eraged over all atoms of the corresponding species. Thisitrogen atoms, respectively.— experiment2 — S46, 3 — N46.

Partial density of states

~40

Energy,ev
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Yalence band Conduction 4. ASSIGNMENT OF THE SiL,3 SPECTRUM AND XPS
E, band SPECTRUM OF THE VALENCE BAND

Kyl

18(H) In the dipole approximation, B ; emission spectra in-
volves transitions from the S§3and Si3l-states to the Si
2p- levels. Thus the renormalizedlSi; spectrum represents
7s(H) actually a superposition of the Sizand Si3l-PDS’s. The
J experimental Si8(3d)-PDS (Fig. 2) has two peaksA and
2p(N) B) in the upper valence band. PeBkis lower in amplitude
AV than peakA by about 20%.
| The amplitude of peaB is quoted® to be about one half
PgN) that of peakA. This discrepancy is accounted by the
effect of fourth-order M emission spectrum. This conjec-
2p(N) ture is, however, argued against by the fact that the maxi-
N mum in the NK spectrum is shifted by 2 eV with respect to
peakB toward the top of the valence bafitf-3?In addi-
tion, the SL, ; spectra, which are close to those shown in
Fig. 2, are reportéd to be obtained in conditions in which
23(N) the intensity of the first-order K|, spectrum was two orders
of magnitude lower than that of thelSi; spectrum. In these
2s(N) conditions, fourth-order K, emission practically cannot
contribute to the $i,; spectrum. Thus the reason for the
~40 -20 a 0 difference in the relative amplitude of pe&kin the SL, 3
Energy,ev spectrum between the experimental data shown in Fig. 2 and
those presented in Ref. 29 remains an open question.
The relative amplitude of peaR with respect to peak
A in the Si3-PDS observed experimentally is substantially
in excess of the calculated val(Eigs. 2—5. The calcula-
tions for the silicon nitrid®&'>2° and silicon dioxid&33-36
which take into account only the SiBp-atomic orbitals ex-
lated for the central atoms on(fig. 3. This improvementis hibit a similar pattern.
particularly evident for the N@-PDS of theS46 cluster, and Contributions from excess silicon are proposed as a pos-
for the N2s-PDS of theN46. A more comprehensive analy- sible reason for the large relative amplitude of p&ain the
sis shows, however, that this improvement is largely ficti-SiO, spectrum. Excess silicon can form in Si@hen the
tious and is due to the effect of the boundary hydrogen atsample is irradiated by an electron beam to excite the
oms. SiL, zspectrum. A similar situation may arise when measur-
The averaged N@-PDS of theN46 cluster(Fig. 5) ex- ing a SL, 3 spectrum in S§N,4. Electron beam irradiation of
hibits a noticeable peak at15 eV. A comparison with the SisN4 is accompanied by production of excess siliéofig-
PDS averaged over hydrogen atoms, which is also shown iHré 7@ and b shows 5} ; spectra of amorphous silicdhand
Fig. 5, shows that this peak originates from the formation of°f SkN4 (Ref. 23 plotted with respect to the top of the
N—H bonds at cluster boundary. The improved agreemen\falence band, . A comparison of these two spectra leads to
with experiment of the upper valence band of Siates for the _conclu3|o_n that their supgrposmon cannot increase the
the S46 cluster is also probably associated with the formatior €/2tive amplitude of peal. Figure 7c illustrates superpo-
of Si—H bonds at cluster boundary, which manifests itself inSition of SL; 3 spectra from SN, anda-Si. Thus the pres-
ence of excess silicon cannot account for the large amplitude
the H1s-PDS. ) - Lo
. , . . of peakB in the SL, 5 spectrum of the silicon nitride.
An analysis of the PDS’s of peripheral nitrogen atoms e . . .
. ) . Calculation&’ of SizN, predict a considerable contribu-
(Fig. 6) permits a better understanding of the effect of hy'tion

q A . ith the PDS’s of hvd of Si3d orbitals near the top of the valence band. This
rogen atoms. A comparison with the s of hy rogens’prediction found suppadft based on the calculations of Ref.

(the two upper gr.aphs in Fig) éeveals, for example, that the 12. A similar proposal received widespread interest as a way
peak at—15 eV in the averaged N2PDS of nitrogen ob- 14 jnterpret theB peak observed in the ISj ; spectrum of
tained for theN46 cluster(Fig. 5) is due to the formation of Si0, (Ref. 39. Calculations taking into account Si
NH, fragments at cluster boundary. An increase in the num3zq_atomic states yield contradictory results. For example,
ber of hydrogen atoms bonded to the silicon atom also resome studie¥*>*°do not indicate a noticeable contribution
sults in a shift of the N&-PDS toward the top of the lower of Sj3d-states to the valence band of $iGther results
valence band of the nitride. Therefore the improved agreetsee, for instance, Refs. 41 and)48owever, appear to dem-
ment with experiment for the N2band, which is observed onstrate that the high-energy peak i $} spectra of SiQ

in the averaged N&PDS, originates from the shift of the derives from the Si@-orbitals. It appears natural to connect
PDS caused by interaction of the nitrogen with hydrogenthe contradictory conclusions concerning the effect of Si
atoms. 3d-atomic functions with the ambiguity in the selection of
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FIG. 6. PDS’s for hydrogen and nitrogen atoms in 46 cluster bound
with different numbers of hydrogen atoms.
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for interpretation of experimental data. The remainder can be
attributed to one-center transitions from Bi3tates, if we
assume that interaction with other atoms distorts the poten-
tial of these states, thus lifting the forbiddenness from optical
transitions. These transitions can, in turn, be related also to
other than one-center electronic transitions topSitbm the

1 1 1 N2p bonding atomic states of nearest-neighbor nitrogen at-

V\ V oms. This interpretation is argued for by the fact that peak

B in the Si3-PDS(Fig. 2) lies between the maxima in the Si

3p and N2-PDS’s.

The possible contribution to this part of the silicon ni-
tride SL , 3 spectrum of non-one-center electronic transitions
from Si3s-states of nearest-neighbor silicon atoms was con-
sidered in Ref. 29. The probability of such transitions,
estimate@® by means of the Hermann-Skillman functions,
was found to constitute 5-10% of that of the one-center
C Si—3s-Si2p-transitions. It is conceivable that the contribu-
tion of the N2»—Si2p nearest-neighbor two-center transi-
tions is substantially larger. Thus the discrepancy between
calculations and experiment with respect to p&lkn the

SiL, 3 spectrum of SN, and SiQ can be removed if we
_,:,- _1;7 -"5 0 assume the peak to result not only from §®&l-states but
Energy, eV from the Sid and N2 bonding states as well.
In summary, we have performed a cluster study of the
FIG. 7. SL,4 spectra of(a) amorphous silicon an¢b) amorphous SN,; electronic structure of silicon nitride by the MINDO/3 quan-
(c) superposition of spectra andb in the 2:1 ratio. tumchemical method. Calculations of clusters ranging in size
from 13 to 90 atoms have been carried out. The main fea-
tures of the electronic structure of silicon nitride are shown
to be seen already with 13-atom clusters. A comprehensive

the parameters of the Si3basis functions used. vsis of PDS’s for clust £ diff t size has b d
Figures 2-5 display also an XPS spectrum of the?Na¥s!SO0 S forclusters of ailierent size has been made

SisN, valence band(after subtraction of the inelastic- “S'”@,’ Si—H and N-H bonds as boundary conditions. Local
scattering backgroundwhich can provide additional infor- PDS'’s calculated for atoms close to cluster center are found

mation on the contribution of the S3and Si3l-states. The to be more appropriate for analysis.

photoionization cross-section ratio calculated for photons of The dlscrepancy be_\tween t.h eory and experiment with
energy 1486.6 eV incident on a free atom, is SE3p: respect to the contribution of S83d)-states to the upper

N2s:N2p=1:0.17:1.1:0.072Ref. 43. The photoionization part of the valence band in silicon nitride and dioxide can be
cross section for Si@ atomic states is three orders of mag- explained if we assume that peBkin the SL 3 spectrum is

nitude smaller than that for the Sidtates'* and therefore due not only to one-center transitions from $i3-states,

the contribution of the former to the XPS spectra of the up-bUt to two-center transitions from the lgbonding states of

per valence band may be neglected. If in a first approximaJEhe hearest-neighbor nitrogen atoms as well.
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