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Electronic structure and charge transfer in @- and B8-Si;sN, and at the Si(111)/Si;N,(001)
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Using a self-consistent linear combination of atomic orbitals method based on density-functional theory in a
local-density approximation, the electronic structure in the high-temperature ceran8ehl, and 8- Si;N,
and at the S111)/SizN,(00]) interface have been calculated. The resulting charge transfer suggests that the
ionic formula can be written as SN, %% For the Si111)/SizN,(001) interface, the silicon atoms from the
silicon side lose some electrons to the nitrogen atoms of the silicon nitride side forming Si-N bonds at the
interface. The calculated electronic density of states spectrum g o levels for this interface is in good
agreement with x-ray photoemission spectroscopy experim34.63-182608)06928-9

. INTRODUCTION ing different method$%17?°0One of the most important de-
fects at the interface is the SN5 defect that is referred to a
The knowledge of the electronic structure, charge distri-Si atom backbonded to three N atoms and associated with a

bution, and charge transfer in a material is essential for dedangling bond. This defect was shown to account for the
termining the electrostatic energies, for characterizing thén@ority of deep traps that have been extensively studied

chemical reaction, and for precicting the bonding behaviof BE2C2 Y Z08, 2, 12 PR O (P TR T e
among the atom:® Particularly, for the ceramic material of » €SP y !

- L . L . ing of the electronic and mechanical properties is far behind
silicon nitride (SiN,) and its interface structures with sili- o \vork of experimental studies and engineeffiig:
con, the chemical bonds responsible for microstructures are Tphe ynderlying LCAO method is based on using the

neither typically ionic nor covalent. A detailed understandingatomic orbitals as the basis to expand the electronic eigen-
of the electronic structure and the bonding behavior in thesgunction of a many-atom system. This method is very attrac-
materials is indispensable for material studies. In the calcutive in dealing with complex materials with a large number
lations of mechanical properties or molecular-dynamicsof atoms per unit ceff“= In the present study of the
simulations, the interatomic potentials involve CoulombSi(111/SisN,4(001) interface, a supercell of 52 atoms was
terms for these materials. The effective charges and chargésed. Because of the broken symmetry at the interface, the
transfers in the materials can be extracted from the analys&9mputation for such a system is far more complex than a

of experimental dati:® However, in many cases the experi- crystal of the same size.of unit cell with a perfect lattice.
mental information is not avaiiable and the empirical or The calculated effective charges and charge transfer for

these materials have been successfully used in related
. eI‘rﬁolecular-dynamics simulations by one of the authors and
standing. It has been demonstrated for more than twentyg|jaborators, which was reported elsewRtmdong with a

years that the first-principles methods yield quite reliableprief announcement of the data from this calculation. In the
electronic structure information and other ground-state proppresent paper, we report the detailed calculation procedures
erties. The purpose of the present study is to obtain informaand relatively complete information for the calculated elec-
tion on the electronic structure, the charge distribution, andronic structure and charge transfer in silicon nitride, the free
charge transfer in silicon nitride and for the SigN,(001) surface, and the &i11)/SizN,(00)) interface. Es-
Si(111)SizN4(00)) interface by using the linear combination pecially, we show that the charge transfer in these three cases
of atomic orbitals(LCAQO) method. is closely related to the Si-N bond. In the BiL1)/Si;N,(001)
Silicon nitride has a prominent role as ceramics for highinterface layer, the Si atoms on the silicon side lose some
temperature, high strength applications owing to its outstancelectrons to the N atoms of the silicon nitride side and form
ing mechanical properti€s® Because of its high strength Si-N bonds across the interface. The calculated results indi-
and hardnessy h|gh decomposition temperature, and resigate that one Si-N bond would associate Wlth a Charge trans-
tance to corrosion and wear ;8j, has been used as a high- fer of about 0.31 electrons/bond. The remainder of this paper
temperature material for engine components and cutting® Organized as follows. In Sec. Il, the method and formulas
tools. There is great interest in theSj film on c-Si surface sed in t_he study will be_brlefly described. The cqlculated
among other interface structuréfer a review see, e.g., Ref, '€Sults will be presented in Sec. Ill, and a conclusive sum-
9), both in the experimental research and electronicdnary is given in Sec. V.
industry®=2° It is a material sought for device applications
due to its higher density, higher dielectric constant, and
promising radiation hardness as compared to ,Silhe The methods described herein are based on self-consistent
Si(111)/SizN,4 interface has been studied experimentally us-calculations using an expanded LCAO package from Ames

Il. METHODS
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Laboratory, Department of Energ§DOE). The exchange- of linear combination of atomic orbitals is to count the con-
correlation interaction of the many-electron system is dedribution of the atom to the coefficients of the electronic
scribed by the density-functional theory in a local-densityeigenfunctions of the system. This is done by substituting
approximation. Therein, we used the Ceperley-Alder form ofEgs. (1) and (2) into Eq. (4), which yields
the exchange-correlation potential. Test calculations by this
and other groups show that the widely used forms of differ-
ent parametrizations of the exchange-correlation potential
give essentially very similar results of electronic structure.
Furthermore, the procedure itself has been tested by this and In Eq. (5) the effective charge associated with atamis
other groups, and is found to give results of comparable adntroduced as
curacy to those obtained using other first-principles
methods’2~%° Since the atoms in the @i11)/SizN4(001) in-  pm(r)
terface do not possess a magnetic moment, a spin-polarized 1
calculation (using the exchange-correlation potential in a N
spin-density functional yields practically the same elec- la
tronic structure as a non-spin-polarized cpmpgtation. _ X Uy (F = 7= R Uy (F = T = Ry 1), (6)
In the LCAO method the electronic eigenfunction,
Tn(r), of a many-atom system associated with an energwhere f,,, is the Fermi distribution for the electronic state
€xn, IS expanded by the atomic orbitals with an energy,,, at thek point in the Brillouin zone. Other
notations are the same as defined before. In developing Egs.
(5) and (6), there is no other approximation.
‘Pk“(r):% Cam(kn)®am(k,r), (1) This effective charge in Eq6) may be interpreted as a
portion of the electronic charge most likely carried by and
where ®,(k,r) is a Bloch wave that is expressed by the moved along with the atom. The charge transfer is found
atomic orbitals as from the difference of the effective charge and the neutral
charge of the atom. In a bulk material the atoms can be in
1 S gk f—r —R) ) neutral or ionic states. Based on test calculations on various
N Uam(r = 7m=R,), materials, it was often found that the calculated total charge
density p(r) is not dependent on the employed basis sets
whereu,, is the shell function of an atomic orbital in the using neutral atomic orbitals or ionic ones. This is largely
ath state of themth atom at positionr,,; Ry is the transla- due to the self-consistent variational principle. However, in a
tion vector of the latticek is a wave vector in the Brillouin material involving soft valence atomic shells, the difficulties
zone; gy, is the energy of theath electronic state at the  in evaluating the effective charge and charge transfer become
point. The coefficient,,,, are calculated from the secular more prominent. Our experiences and test calculations indi-
equation cate that a proper basis set of atomic orbitals in suitable ionic
states usually provides more reliable prediction of the effec-
HC=¢,,SC, ()  tive charge. In this study, the atomic orbitals are computed
using an atom calculation program from Ames Laboratory,
DOE. The ionic states of atoms in a bulk material are deter-
mined from the calculated charge transfer in a self-consistent
fashion or from experimental findings.

p<r>=§ pm(r). (5)

fkﬂCZm(kn)Cafmr(kn)e*ik-(R|*R|’)

I'm’a’ KN

q)am(k,r):

whereH and S are the matrix of the Hamiltonian and over-
lap, respectively. The electronic charge dengitis calcu-
lated from the electronic eigenfunctions,

P(If)=02CC W n(1)]? (4 IIl. RESULTS

. . A. Electronic structure and charge transfer in & and B-SizN,
where the summation extends over all the occupied elec-

tronic states. The a-phase silicon nitride has a hexagonal strucfré?
The integrated total electron charge should be equal to thé is in the space grou€3,. The lattice constants used in
contribution of the electrons from all the atoms in the mate-the calculation ara=7.818 A andc=5.591 A as reported
rial. However, the effective charge associated with the indifrom the experimental measurement by Katoal3? There
vidual atoms in the condensed state of the material could bare 28 atoms per unit cell. In the self-consistent calculation,
different from the value of neutral atoms because of chemia mesh of 2k points with the proper weights in the irreduc-
cal reactions. The effective charge and related charge tranible Brillouin zone was used. A comparison of the calculated
fer among the atoms of different species in the material igotal energy with a test calculation using a mesh of fve
one of the quantities to characterize the nature of the chempoints only revealed a small difference of about 0.0001 Ry.
cal reaction and bonding behavior. A knowledge of thisThis is an indication of the satisfactory convergence with
quantity is sought for understanding various physical andespect to the number & points.
chemical properties in molecules and solid-state materials. The calculated electronic band structurengphase SiN,
However, to evaluate reliably the effective charge and chargésee Fig. 1 agrees well with other well converged
transfer for a material is still a very difficult task. calculation€}= Its analog for B-phase SN, is very
One of the practical approaches to evaluating the effectivsimilar to the structure of the phase as discovered by others
charge of an atom in a quantum calculation using the methodnd our calculation$>®
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10 = Si; N, %% The estimated error in the calculation of the
— charge transfer is about 10—15%, which is much larger than
5;' E that in the electronic structure computation. The charge
' transfer ing-phase SN, is very close to thexr phase with a
< 0 = difference within the calculation uncertainty. This is due to
Z — — the fact that the two phases have very similar local atomic
& O = === configurations. In both of the phases, a Si atom is bonded to
o % —— — —— . .
5 == === four N atoms, ad a N atom is bonded to three Si atoms, the
‘10_' S % bond lengths in the two phases being approximately 1.70—
i 1.78 A. It should be mentioned again that the calculation
—iSE ———— error should be considered when a comparison with experi-
20 P —— s mental results is made.
r v A L L A A question may be raised concerning the use of atomic

orbitals from the calculation of a neutral atom. Since a Si

FIG. 1. The electronic band structure of theohase SN, The  atom loses about one electron, the ionic atomic orbitals of

zero of the energy was set at the top of the valence band dt the gj*1 was also constructed. The self-consistent calculations
point. were repeated on-phase SN, using these atomic orbitals,

and it was found that the calculated effective charge and

. X Lo t:
determined to be about 4.7 eV. It is very close to the smalles(fharge transfer of Si and N atoms using th_é S’Vb"?'s are
indirect band gap of other transitions and lies in the range of &Y close to t_he data reporte_d in Table I. with the differences
experimental value¥ %" The large disparity of the experi- Within the estimated calculation uncertainty.
mental data for the band gap from 4.0 to 5.5 eV is mainly 0" oné Si-N bond, the silicon atom may transfer about
attributed to the different experimental methods and sampl@-31 electrons to the nitrogen atom. This calculated value of
preparations. charge transfer for one Si-N bond is very close to the so
It should be pointed out that some portions of the highesgalled “one-third rule” in silicon nitride, which is extracted
valence band from thE point toK andM points in Fig. 1  from experimental data and used in molecular-dynamics
are quite flat. This will lead to a very large effective mass ofsimulations>® It should be noted that in the evaluation of
holes along these directions. effective charge and charge transfer the well-constructed
Using the calculated electronic eigenfunctions, we obtairatomic orbitals from the atom calculation including core and
from Eq. (6) the effective charge of an atonQt) and de- valence states should be used. In other methods using a pro-
termine the charge transfeAQ) as the difference of the cedure of orthogonalization, the overlap matrix elements be-
effective charge and the neutral charge of the atom. Théween the core states of an atom and the valence states of
values fora- and g-phase SiN, are given in Table I. other atoms are orthogonalized to be zero. The orthogonal-
In one unit cell of SiN, there are six atoms in the group ized basis in a many-atom system is slightly different from
6¢; two atoms are in the groupsazand 2b. From the results  the true atomic orbital. The charge-transfer calculation using
of Table I it can be seen that the silicon atoms give awayan orthogonalized basis will bring in an extra calculation
approximately 1.23-1.25 electrons/atom; nitrogen atomgincertainty.
gain approximately 0.91-0.94 electrons/atom. The ionic for-
mula for the silicon nitride may be then written as

From Fig. 1, the direct band gap at thepoint can be

B. Free SEN4(001) surface
TABLE I. (a) Effective charge Q*) and charge transfe’\Q)

in a-phase SiN,. Space groufC},. (b) Effective charge and charge
transfer inB-phase SN,. Space group g:

Before we turn to the complex structure of the interface
Si(111)/SisN,, let us examine the §N,(001) surface. Both
the a- and B-phase SiN, have a layered structure in the
@ hexagonal latticd?—® One sheet of $N, has three silicon

Atom Position Q* (electrons) AQ(electrons) atoms(on one atomic laygrbonded to four nitrogen atoms
(three of the N atoms are on an atomic layer and the fourth is
Si1) 6¢ 12.761 1.239 on a slightly shifted atomic laygrThe interlayer interaction
Si(2) 6¢c 12.755 1.245 is weaker than the intralayer interaction. It is energetically
N(2) 6c 7.928 —0.928 more favorable to cleave or grow silicon nitride in a layer
N(2) 6c 7.944 —0.944 structure. The surface of $8l, will be one sheet of the sili-
N(3) 2b 7.912 —0.912 con nitride. On the top of the surface, three nitrogen atoms
N(4) 2a 7.908 —0.908 (belonging to & positions in SiN,) and three silicon atoms
(b) (alsoin nG;bp?sitions ha\ée dangling bonds.)The flcl)ubrthdnit(;o-
i N gen atom(belonging to ® positions in SiN,) is still bonde
Atom Position Q" (electrons) AQ(electrons) to three silicon atoms on the layer and has no dangling bond.
Si(1) 6¢c 12.743 1.257 The electronic structure of the unrelaxedNs001) sur-
N(1) 6c 7.947 —0.947 face was calculated using the self-consistent LCAO method.
N(2) 2b 7.931 ~0.931 28 atoms in one unit cell of the two-dimensionaij(001)

slate were used to simulate the free surface structure. The
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layer structure was based on the atomic arrangements of the TABLE Il. Atomic positions for the Sil11)/SisN,(001) inter-

B-phase SiN,.%%3* Four SiN, sheets containing 12 atomic face structure used in our calculation. The two translation vectors

layers were used in the calculation. on the x-y plane parallel to the interface areay
The self-consistent calculation revealed that the chargg:t é?ﬁi% géi?tfgﬁsoé?‘)tfeag fgﬁﬂig;;?:::e ?ﬁ?gréé:);:‘uecz're

ggz;f?; ggg:hlelsourefzietrngfg Z:grfsav://;:i]ghoirs]es?na;;g Irnt%anThe atom type 1 refers to Si atom#) Positions of the Si and N

the sil h ) ¢ tefl 24 in th 'b K SiN. C atoms of SjN4(001) layers. Here atom type 1 is referred to Si
e sl !Con charge trans Q_' 4 in the bu : §N4. LOrre- . atoms; atom type 2 is referred to N atoms.

spondingly, the surface nitrogen atoms with one dangling

bond gains about 0.79 electrons/N atom, which is als@gsition No. Atom-Type x (A) y (A) z(A)

smaller than the charge transfer of the N at@®3 in the

bulk. It is very interesting to see that the fourth surface ni- 1 1 1.2570 2.0282 3.6956
trogen atom without a dangling bond gains about 0.94 2 1 1.2586 5.8257  3.6956
electrons/N atom, which is very close to the charge gain of 3 1 4.5465 3.9255  3.6956
nitrogen atom in the bulk §W, given in Table I. The re- 4 1 4.5448 0.1280  3.8543
duced charge transfer for the surface silicon and nitrogen 2 1 01599 01299  4.4793
atoms is attributed to the dangling bonds. 6 1 3.4478  —1.7703  4.4793
7 1 0.1616 3.9274 4.4793
8 1 3.4494 2.0272 4.4793
C. Si(111)/Si3N,(007) interface 9 1 0.1599 0.1299 6.8306
Six layers of Si 22 (111) containing 24 atoms were 1(1) 1 g'igg 1\;,)7;2?4 6('382236
matched to the §iN,(001) surface. The mismatch of the lat- 12 1 3'4494 2'0272 6'8306
tice constants of the two slates of materials is only about 1%, 13 1 2'3524 0'1289 7'6143
which is relatively small compared to other geometries of the 14 1 5'6402 _1 7'713 7 é143
interface. Since the silicon nitride is mechanically much ' : :
harder than the silicon crystal, the(8l1) layers were ex- 15 1 2.3540 3.9264 76143
panded alongk andy directions to match the g, lattice 16 1 56419 2.0262 7.6143
parallel to the interface. In this study using the LCAO 17 1 2.3524 0.1289 9.9656
method, a supercell of 52 atoms for the interface structure 18 1 5.6402 —1.7713  9.9656
was used; see Table Il for the coordinates. Insxhg plane 19 1 2.3540 3.9264  9.9656
parallel to the interface, periodic boundary conditions were =~ 20 1 5.6419 2.0262  9.9656
applied. The two translation vectofs, anda,) on thex-y 21 1 1.2570 2.0282  10.7493
plane were chosen from thg-phase SN, lattice. The 22 1 4.5448 0.1280  10.7493
SisN4(00)) slate includes twelve atomic laye(four SN, 23 1 1.2586 5.8257  10.7493
sheets with three layers eachihe interface structure in per- 24 1 4.5465 3.9255  10.7493

spective view is shown in Fig. 2. Outside of th€13i1) and
SigN4(002) layers there is an empty space in the supercell.
Since the Si-N bond is much stronger than Si-Si and N-Nweights will be sufficient for this self-consistent calculation.
bonds in SiN,, the interface of §111)/SisN4(001) tends to  The 1s, 2s, and 2 states of Si and theslstate of N were
have a maximum number of Si-N bonds. A numerical com-treated as core states, being fully occupied. The core charge
putation was performed to search the geometry of the interdensity was considered to be the same as the neutral atoms.
face by maximizing the total number of Si-N bonds at theHowever, the core energy levels of the atomic states may
interface. Further relaxation of the interface was not includedtill shift along with the Hamiltonian of the system in the
in the construction of the interface structure. A Si 2 self-consistent calculation. Our test calculations show that
X 2(111) layer has four Si atoms/cell. Three of the four Sithe calculations using the spin-density functional find practi-
atoms(small dark shaded sphejesf the first S{111) layer cally the same electronic structure since the atoms in the
near the interface directly bond to the three N atqtasge  Si(111)/SisN, interface do not have a net magnetic moment.
spherep of SizN4(00D layer as shown in Fig. 2. Each of  The calculated Si @ density of stategDOS) for the
these nitrogen atoms has one dangling bond before matchirgj(111)/SisN,(001) interface structure is shown in Fig. 3.
the S{111) layer onto the SN,(001) surface. The fourth Si  The heights of the peaks of the density of state depend on the
atom of the first SiLl11) layer is on the top of another N number of the atomic layers of @il1) and SiN,(001) used
atom, which is bonded to three Si atoms of the firgNgi in the calculation. In the experimental measurements, it de-
sheet. The three Si atonfthe small lightly shaded sphejes pends on the probing depth into the interface. The distribu-
of the first SiN, sheet at the interface still have one danglingtion of the energy level of the Sif2states was attributed to
bond that generates the defects o&Si. the broken symmetry at the interface. Near the interface, the
Within the self-consistent LCAO method for the Si atoms in different atomic layers experience different en-
Si(111)/SigN4(00)) interface threek points with proper vironments of atomic configurations. This broken symmetry
weights in the two-dimensional Brillouin zone were used. Adue to the interface leads to the energy shift of the atomic
comparison with results of the orepoint (I' point) calcu-  core levels as shown in Fig. 3 for the Sp 3tates, featuring
lation showed only a small difference of the charge distributwo major peaks. One of the peaks is aroun®8 to
tion. This is an indication that threle points with proper —99 eV, which is the contribution of the @il1) film near
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TABLE Il. Continued

i 1
Position Atom type x (A) y (A) 2 (A) SizN4(001)

25 1 5.4304 —-1.3777 2.1767

26 1 2.6691 —0.2165 2.1767

27 1 5.0554 1.5942 2.1767

28 1 1.1471 5.1752 —2.1767

29 1 3.9083 4.0140 —2.1767

30 1 1.5220 2.2033 —2.1767

31 1 1.1471 5.1752 0.7256

32 1 3.9083 4.0140 0.7256

33 1 1.5220 2.2033 0.7256

34 1 5.4304 —-1.3777 —0.7256

35 1 2.6691 —0.2165 —0.7256

36 1 5.0554 1.5942 —0.7256

37 2 2.1666 —1.0246 0.7627

38 2 4.6069 2.4334 0.7627

39 2 6.3815 —1.4089 0.7627

40 2 4.4108 48221 —0.6884 FIG. 2. The atomic structure of the($1L1)/Si;N,(001) interface

41 2 1.9706 1.3641 —0.6884 used in the study. The small dark shaded spheres are ¢(h&15i

42 2 0.1960 5.2064  —0.6884 atoms; the small lightly shaded spheres are the Si atoms of the
43 2 4.4108 4.8221 2.2139  gjN, side; and the large spheres are the N atoms of tii¢,Side.

44 2 1.9706 1.3641 2.2139 The interface region is indicated by a bright strip.

45 2 0.1960 5.2064 2.2139

46 2 2.1666  —1.0246 —2.139%6  geen in Fig. 4. Each line of the contour diagram has a con-
47 2 4.6069 24334 —21396  giant charge-density value; the difference of the charge den-
48 2 6.3815  —1.4089 = —2.1396 ity of any two consecutive lines was kept constant. There is
49 2 2.1925 3.7975  —2.2081 3 dense distribution of the contour lines around the atomic

50 2 4.3850 0.0000 2.1454 gijtes. This clearly indicates that the charge density near the
51 2 4.3850 0.0000  —0.7569  nuclei changes rapidly. It is evident from Figs. 4 and 5, that

52 2 2.1925 3.7975 0.6942 the size of the nitrogen atom is much larger than that of

silicon atom. The sizes of the silicon and nitrogen atoms may
be estimated aRy=1.15 A andRg=0.61 A, respectively.
the interface. Another major peak around100.5 to  The bonding behavior of the Si and N atoms near the inter-
—102 eV is the Si P states from the §N, side near the face can be seen from the relatively denser distribution and a
interface. Both peak positions agree well with x-ray photo-more complex structure of the contour lines than that of the
emission spectroscopfXPS) experimental data of-99.7 interstitial region. The electron charge in the bonding area
and —102.8 eV'® The shift of the two major peaks is ap- cannot be clearly identified as to associate with a specific
proximately 3.1-3.5 eV, which is in agreement with the ex-atom.
perimental result of 3.15 el The calculated Si g core Figure 5 shows the valence charge-density maps on the
energies also agree with the experimentally measured bingsi;N, side near the interface. Figuréab is the first SiN,
ing energies within 1%. The substructure aroundi00.5 eV
is the contribution of Si atoms at the interface from the first
SizN, sheet near the interface. The relaxation of the atoms
near the interface may lead to disorder effects, which can
smooth the substructure of the DOS spectrum in some degree
as demonstrated in the studies for amorphous matéfials.
The good agreement of the calculated DOS spectrum with
the experimental results indicates that the major structures of
the calculated results using the self-consistent LCAO method
are reasonably reliable.

Some contour diagrams of the valence charge-density iy 103 o9 o5
map for the Si111)/SizN4(00)) interface structure are shown Energy (eV)
in Figs. 4 and 5. A two-dimensional contour diagram of the
valence charge density on a plane perpendicular to the inter- £ 3 The calculated Si2 core spectrum of the density of
face is given in Fig. 4. This plane cuts through the B2  states for the interface structure of Bi1)/SisN,(001). An arbitrary
and N(€c) atoms of the first 3N, sheet near the interface as unit was used for the density of states. The peak of DOS around the
marked in Fig. 4. Here the labels NP and N(€&c) refer to  energy at about-98.5 eV is the contribution of §i11) atoms; the
the N atoms of SN, at 2b and & positions. The silicon peak structure from the energy 6f100 to—102.4 eV is attributed
atoms on the first $111) layer near the interface can also be to the Si 2 core levels of the §N,(001) side.

20

DOS (arb. unit)
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FIG. 4. The valence charge-density map on a two-dimensional
plane perpendicular to the (311)/SizN4(001) interface. The labels
N(2b) and N(&) refer to the N atoms of §N, at 2b and &
positions.

sheet near the interface; Figbb is the second §N, sheet
away from the interface. These two-dimensional maps are on
a plane parallel to the interface. The labels 8),6N(2b),
and N(&c) refer to the Si atom at@ N atoms at B and &
positions in the bulk silicon nitride, respectively. There are
one N(), three N(&), and three Si(6) atoms on one
SizN, sheet in a unit cell. The formation of the Si-N bond
can be seen from the distribution of the contour lines. The
N(2b) atom is fully bonded to three Si(§ atoms on one
SisN, sheet. The N(6) atom on the first SN, sheet[Fig.
5(a)] has one bond to a Si atom on the same sheet, and one
bond to the Si atom of the $i, sheet above. It also has one
bond to the Si atom of the @il1) layer that is below the first
Si;N, sheet. For the second shéste Fig. B)] these N(&)
atoms have bonds to the;Blj, sheets lying above and below.
The valence charge density on the silicon side near the (b)
interface is shown in Fig. 6. Figure(@ shows the charge
density on the first $111) layer; Fig. &b) is for the third FIG. 5. The valence charge-density maps on thblSside near
Si(111) layer away from the interface. The hexagonal structhe interface. These planes are parallel to th@13/Si;N,(001)
ture of the S(111) layer is clearly seen from Fig. 6. The Si interface.(a) The first SiN, sheet;(b) the second $N, sheet away
atoms do not bond each other on this plane as seen from tli®m the interface. The label Si¢§ refers to the Si atom atcb
distribution of the charge density. All the bonds are pointingposition in SiN,; and N(2) and N(6&c) refer to the N atoms atl?
out of the plane. Whereas the first layer indicates the influand & positions.
ence of the interface on the charge densge Fig. 63)], the
third layer clearly represents the electronic structure of @nd previous experiences indicate that a charge transfer hap-
bulklike behavior, namely, high charge density around thegpens predominantly along the chemical bond of the first-
atom positions and low one in the interstitial regions. nearest neighbors and depends mainly on the local structure.
The effective charge and the charge transfer at the interA long-range disorder may not substantially change the na-
face were carefully examined using the obtained electroniture of the effective charge and charge transfer in the mate-
eigenfunction. In the calculation of the effective charge,rial. The calculated effective char@ and the charge trans-
eight k points with proper weights in the irreducible Bril- fer AQ for the selected atomic layers near the interface
louin zone were used. It should be mentioned again that thetructure are listed in Table Ill. Therein, the labels Sil to Si4,
full atomic orbitals of core and valence states were includednd N1 to N4 refer to the atoms in an order on the plane used
in the calculation of the effective charge. The disorder effecin the calculation. Since the symmetry is broken in the region
in the interface layer is not included in this electronic struc-of the interface, the symbolscéand 2 do not have an exact
ture calculation. Our calculated electronic charge densitiemeaning in group theory. They only refer to the positions
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TABLE Ill. Effective charge and charge transfer at the interface
of Si(111)/SisN4(001). (a) First layer of Si at the $111) side
from the interface. (b) Second layer of Si at the @il1) side from
the interface. (c) Effective charge and charge transfer of N and Si
atoms at the first §N,(001) sheet from the interface.

@

Atom Q* (electrons) AQ(electrons)
Sil 13.56 0.44
Si2 13.59 0.41
Si3 13.59 0.41
Si4 13.74 0.26
(b)
Atom Q* (electrons) AQ(electrons)
Sil 13.75 0.25
Si2 13.86 0.14
Si3 13.66 0.34
Si4 13.77 0.23
(c)

Atom Position Q* (electrons) AQ(electrons)
N1 6¢ 7.96 —0.96
N2 6¢ 7.92 -0.92
N3 6c 7.84 -0.84
N4 2b 7.94 -0.94
Sil 6c 13.27 0.73
Si2 6c 13.11 0.89
Si3 6c 13.24 0.76

analysis showed that the Si4-N{p interaction is weaker
than other Si-N bonds at the interface.

Table lll(b) lists the charge transfer for the four Si atoms
on the second §i11) layer away from the interface. The Si
atoms at the third and fourth @il1) layers away from the
interface have no noticeable charge transfer within the cal-
culation uncertainty. This is an indication that the Si atoms in
these two layers at the middle of($11) film are very close

(b) to the bulk properties.

Table lll(c) lists the calculated effective charge and

FIG. 6. The valence charge density on thél$l) side. All the ~ charge transfer for the four N atoms and three Si atoms at the
planes are parallel to the interfage) The first S{111) layer near  first SgN, sheet near the interface. It is interesting to find
the interface;(b) the third S{111) layer away from the interface that the N atoms at the interface have a charge transfer very
structure. close to the value of the N atom charge gain in the bulk
silicon nitride. Three of these N atoms gain about 0.93

, , electrons/atom, the N3 atom has a smaller charge transfer of
from the bulk SiN,. The effective charge and charge trans- g4 electrons/atom: this inhomogeneity is largely due to the

fer of Si atoms from the first §111) layers near the interface mismatch of the interface. It was found that one Si-N bond

are listed in Table INla), from which it can be seen that the \yoyid associate with a charge transfer of about 0.31 elec-
Sil to Si3 atoms lose about 0.41 to 0.44 electrons. Thesgons, which is that of bulk SN,. From Table II[c) it can be
three Si atoms are bonded to three WY @toms of the first  z|so seen that the three Si atoms at the firghiSsheet near
SisN, sheet near the interface by giving away some electhe interface have a charge transfer of about from 0.73 to
trons. Otherwise these three N()6atoms would have a dan- 0.89 electrons, which is much smaller than the Si charge
gling bond at the 3N, surface. The Si4 atom of Table (#)  transfer in the bulk SN,. Even the charge transfer of these
has only a charge transfer of about 0.26 electrons that iSi atoms of silicon nitride at the interface is smaller than in
much smaller than other three Si atoms. The Si4 atom is othe case of the Si atoms at the fregNgi surface. Further
the top of the N(®) atom which is fully bonded to three Si analysis of the data showed that these three Si atoms of the
atoms of SjN, side and has no dangling bond before thesilicon nitride side gained some electrons from thé&l 81
matching of Si111) layer to the SjN, surface. Careful data atoms. The effective charge of the Si and N atoms at the
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second and third §\, sheets away from the interface is very experiments. The Sij2 levels in the SjN, side shift down

close to the case of bulk $i,. by approximately 3.1-3.5 eV relative to the S Btates of
Si(111) side.
IV. CONCLUSION The study of the relaxation of a complex interface struc-

ture like this one is still a challenge for experimental mea-

The electronic structure, the charge distribution, and the, ;e ments and theoretical calculations, and we expect to see
charge transfer ia- and-phase SN, and for the interface o+ frther relaxation of the interface structure will modify
structure of Si111)/Si;N,(001) have been studied using the the charge-transfer results.

self-consistent LCAO method. It is found that the silicon
atoms in SiN, lose about 1.24 electrons/Si atom to the ni-
trogen atoms which gain about 0.93 electrons/N atom. The

ionic formula for the silicon nitride may be written as  The problem of calculating charge transfer in botp\gi
Si3 7N, %% Based on tests using two different sets ofand the electronic structure and charge transfer at
atomic orbitals of Siand Si, it was found that the effec- Si(111)/Si;N,(001) interface was suggested by Professor P.
tive charge and charge transfer from the two calculations argashishta, Professor Rajiv K. Kalia, and Professor A.
very close to each other. The quite stable results of the caMadhukar. The authors are grateful to Dr. A. Nakano, Dr. K.
culated charge transfer are attributed to the stability of th&'suruta, Dr. J. Wang, Dr. J. Yu, and Mr. T. Campbell for
atomic shell orbitals of Si and N. At the @1L1)/SisN4001)  very useful discussions. The hospitality of the Concurrent
interface, the Si atoms on the silicon side lose some electrorGomputing Laboratory for Materials Simulations and its staff
to the N atoms of the silicon nitride side and form Si-N is gratefully acknowledged. This work was supported by the
bonds across the interface. The calculated results show thBISC-LSU Multidisciplinary University Research Initiative
one Si-N bond would associate with a charge transfer oGrant No. F49620-95-1-0452 and the Air Force Office of
about 0.31 electrons/bond from the Si atom to the N atomScientific ResearckAFOSR Grant No. F49620-94-1-0444.
which is the same as the bulk;Sj, value. The calculated One of the authoréM.E.B.) acknowledges support from the
DOS spectrum of Si R core levels for the Austrian Fonds zur Roerung der wissenschaftlichen Fors-
Si(111/SigN,(00)) interface is in good agreement with XPS chung Project Nos. J01146-PHY and J01444-PHY.
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