JOURNAL OF APPLIED PHYSICS VOLUME 90, NUMBER 3 1 AUGUST 2001

First principles investigation of scaling trends of zirconium silicate
interface band offsets

Atsushi Kawamoto®
Department of Electrical Engineering and Center for Integrated Systems, Stanford University,
Stanford, California 94305

Kyeongjae Cho
Department of Mechanical Engineering, Stanford University, Stanford, California 94305

Peter Griffin and Robert Dutton
Department of Electrical Engineering and Center for Integrated Systems, Stanford University,
Stanford, California 94305

(Received 20 February 2001; accepted for publication 13 April 2001

First principles density functional theory calculations are carried out to investigate the scaling trends
of band offsets at model silicon/zirconium silicate interfaces. Owing talttfgaracter of zirconium

silicate conduction bands, the band gap and band offset are shown to decrease as the zirconium
concentration is increased. Since the valence band character of silicates remains unchanged relative
to Si0,, the conduction band offset alone decreases, leading to increasingly asymmetric band offsets
at higher zirconium concentrations. The use of charge transfer dipoles at the interface is investigated
as a possible remedy to restore the band offset symmetry by shifting the silicate bands relative to the
silicon bands. ©2001 American Institute of Physic§DOI: 10.1063/1.1378338

I. INTRODUCTION metal concentration also tend to reduce the band gap of the
) . _material, since the silicate becomes increasingly ik,
Aggressive scaling of complementary metal-oxide—hich has a smaller band gap than $iGhe reduction of
semiconductofCMOS) transistors has resulted in silicon di- {he jnsulator band gap consequently degrades the height of
oxide (SiQ) gate oxide films so thin that direct tunneling of the potential barrier presented to tunneling carriers. Since the
carriers through the insulator contributes substantially to thgnneling transmission depends on both barrier thickness and
overall device leakage current. Gate leakage leads to unagyrier height, an important design tradeoff arises as the tran-
ceptable levels of standby power dissipation and presents &ion metal concentration is increased in future technology
fundamental limit to continued scaliffd.eakage through an generations.
ultrathin oxide arises from direct tunneling of carriers = Thjs article presents a computational study of the scaling
through the potential barrier presented by the insulator. SinCgends of band offsets at model Si/zr silicate interfaces.
the transmission through such a potential has a strong depegased on analysis of the electronic structure of silicates, the
dence on the barrier thickness, much effort has focused Ogegradation of the potential barrier is shown to primarily
the development of alternative highgate dielectric materi- affect the conduction band offset, leading to asymmetric bar-
als. The higher dielectric constant in these materials allowgier neights as the Zr concentration is increased. By explic-
for a physically thicker barrier, thus potentially reducing tun-jyjy, ajtering the surface termination, charge transfer dipoles
neling transmission, while maintaining the gate capacitancg; the interface are investigated as a possible means of re-
needed for scaled device operation. _ .. storing symmetry in the band offsets. The article is organized
Many highk dielectrics are composed of oxides or sili- 5 follows. Section |1 describes the computational approach.
cates ofd-electron transition metals, in which the enhancedy)| cajculations presented are based on first principles den-
polarizability and phonon mode softening of the metal-gjty functional theory(DFT) methods. Section Il describes
oxygen bond leads to a higher dielectric constant. Silicates qhe pylk structural and electronic properties of several kigh-
zirconium (Zr) and hafnium(Hf) are promising dielectric  gig|ectrics with varying concentrations of Zr, from model
materials with demonstrated thermal stability in direct con-3n4 known silicates to pure ZsOSection IV describes the
tact with Si? Conceptually, Zr silicates can be modeled as dxpected scaling trends of Zr silicate band offsets using

mixture of zirconium and silicon dioxide (ZiQx(SiO,) 1 - model interface calculations.
The conventional wisdom is that the concentration of the

transition metal in the silicate can be steadily increased tdl. COMPUTATIONAL THEORY

meet the capacitance requirements of each technology gen- All calculations reported in this article used the Vienna
eration, while maintaining a sufficiently thick film to prevent ap initio simulation packagéVASP) program?‘s VASP is
excessive gate leakage. However, increases in the transitiafidely used to perform first principles DFT calculations and
has been applied to study diverse materials, including,ZrO

dAuthor to whom correspondence should be addressed; electronic maipc’l.ymorphsté The exchqnge-corre_latiop énérgy was de-
kawamoto@stanford.edu scribed by the local density approximatidrDA) functional
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FIG. 2. (a) Crystal structure of3-cristobalite SiQ. (b) Crystal structure of
model silicate, ZjSi;Og, with 8.3 at. % Zr concentratioric) Crystal struc-
L Vavg Silicate ture of model silicate, Zi,0g, with 16.7 at. % Zr concentration. Each
v : Q_AVavg model is lattice matched along tleeaxis to the Si lattice constant. Large
RS - e atoms are Si, small atoms are O. Zr atoms are indicated.
Si Silicate

FIG. 1. Diagram showing Van de Walle’s band offset calculation procedure.mg Zr concentration on the underlying electronic structl_Jre.

The band structures and average potential enefyigs s and Vagsicad ~ 11N1EE KNown crystals served as references for comparison:

are obtained from bulk calculations. The potential siift between the  g-cristobalite SiQ with 0 at.% Zr; the silicate zircon,

average Igvels in Si and Zr silicate is pbtamed from a superla_ttlce CaICUIaZrSiO4, with 16.7 at.% Zr: and monoclinic erNith 33

tion in which the two materials form an interface. The resulting lineup of the o0 Zri2-14g; IV the Si del b dtof

bulk band structures givesE. andAE, , the conduction and valence band at. % Zr. . ince _0” y the 'Qmo efcan .e use tO. orm .

offsets. a well-defined, lattice-matched interface with crystalline Si,
the ZrSiQ, and ZrG crystals alone cannot be used to study

the expected behavior of band offsets at the Si interface.

of Ceperley and Alder as parametrized by Perdew any, ;s yo additional model silicates were formed as de-
Zunger. Ultrasoft pseudopotentials with Zr(44d,5s), scribed below.

Si(3s,3p), and 9(3'2‘3) levels treated as valence states ¢ ;e B-cristobalite was chosen as the reference,SiO
were employed:® A Monkhorst—Packk-point mesh of 2 crystal? The equilibrium lattice constant was found to be
X 2% 2 for bulk calculations and 22X 1 for interface cal- ;34 & i good agreement with 7.39—7.41 A as predicted by
culations were used. A plane Wave_basis Kinetic energy Cu'[Ofpgrevious first principles studiés:® At this lattice constant,
of 36 Ryd was u_sed n aII_c_aIcuIat_|ons. the Si—O bond length was 1.59 A and the Si—O-Si bond
While e>_<per_|men_tal s_|||cate films are amorphous, a”angle was 180°. In order to form an Si@odel compatible
models studied in this artlcle_ are crystalline. The computay, i the Si lattice, a prescription first proposed by Herman
tional cost of DFT prevents direct study of large, amorphous, g  a50wski was followed. The Herman construction has

materials characterized by long-range disorder. Insteagoo ised in a number of previous theoretical studies of the
smaller periodic crystals whose local bonding units are repSi/SiOZ interfacel

e of those found in th . " 16-20 A tetragonal lattice which is nearly
resentative o t ose found in the amorphous phase are YPattice matched with $001) was first formed by rotating the
cally used. This approach has worked well for studies o

Si ; he i 1 DhvSICS | ned in th -cristobalite 45° along it axis. This tetragonal cell has a
10y, since the mportgnt_mater!a_l physics is contained In tqice constant of 5.19 A along the axis, representing a
local SiQ, tetrahedra® Since silicates are an incremental

e e X 4.4% lattice mismatch with Si. In practice, all proposed crys-
modification of SiQ, itis expected that this approach should ¢5yjine models of the Si/SiQinterface introduce such mis-
still be valid.

match, and it is standard practice to simply expand or con-

To determine the band offsets, the bulk energy levels of . . ihe SiQ model to match the Si lattice const&h€2By
Si and Zr silicate must be aligned at the interface. However, pisson's ratio argument, it is expected that expansion

th !ack OT a_weII—ldefined absolgte energy rgference in aR%long thea axis would cause contraction along thaxis. By
infinite periodic solid prevents a direct comparison of €Nerg¥searching for the total energy minimum, the optimi is

Ideléglslfrom twohdgf(fe'rent bulk mgtgnals. -I: C'rcﬂmvegt this |attice constant was found to be 6.90 A. The resulting lattice-
ifficulty, a method first proposed by Van de Walle and Mar- ., 0 crystal structure is shown in Figa)2 and the rel-

; 11 : .
tin was foII_owed. Separate bulk calculations were Carr'Ed_evant structural parameters of both models are summarized
out to obtain the band gap and average potential energy i topie |

each material. A superlattice calculation was then used to The high degree of symmetry of the lattice-matched
extract a potenpal Sh".CAV betwegn the average bulk poten- B-cristobalite structure allows it to be completely specified
tial levels on either side of the interface. The/ term in- |\ - single Si—O bond length of 1.61 A and-§l—Sibond

c!udes any effgcts of structural relax.ation and charge transf ngle of 180°. This facilitates an important goal of the model
dipoles at the interface on the resulting band offsets. Figure L~ study, which is to isolate as much as possible the

shows the procedure graphically. effect of varying the Zr concentration by keeping constant all
other factors, such as the Si—O bonding and lattice param-
eters. Based on the lattice-match@dristobalite structure, a
Calculations of several bulk oxides and silicates weremodel silicate (ZSi;Og) with 8.3 at. % Zr was formed by
carried out within DFT—LDA to study the effect of increas- replacing a single Si atom in the Si@nodel with Zr. By

I1l. BULK CALCULATIONS
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TABLE |. Structural properties and band gap values of model silicates based grctistobalite SiQ crystal.
Both the raw LDA and corrected LDA band gap values are given. An empirical correction factor of 1.66 has
been used to obtain the latter values. Note that allC8tSibond angles are 180° and all-AD—Sibond angles

are 166°.
Si-0 Zr-0 Corrected
Lattice bond bond LDA LDA
Zr constant O-coord. length length band gap band gap
Model (at. % A) around Zr  (A) A) ev) (ev)
B-cristobalite 0 5.19, 5.19, 4 1.59 — 5.37 8.9
Sio, 7.34
B-cristobalite 0 5.43, 5.43, 4 1.61 — 5.06 8.39
Sio? 6.90
Zr,Siz0g? 8.3 5.43, 5.43, 4 1.61 1.97 3.98 6.59
8.03
Zr,Si,06% 16.7 5.43, 5.43, 4 1.61 1.97 3.84 6.36
9.16

aModels lattice matched along the axis to the Si lattice constant and used in the subsequent interface
calculations.

varying only the Zr—O bond length to accommodate the7.2+1 for samples with~8.3 at. % ZP* However, the dif-
larger Zr atom, the lowest energy structure was found at diculty in defining a silicate structure with eightfold coordi-
Zr—0 bond length of 1.97 A. This compares reasonably to anated Zr that can form a lattice-matched interface with Si
Zr—0 bond length of 1.94 A obtained in a previous study inprevents direct study of the interface properties of such sili-
which aB-quartz SiQ model with Zr substitution for Si at 11 cates.
at. % Zr was allowed to fully relax towards its total energy While their interface properties are not explicitly ad-
minimum?® A second model silicate (Z8i,0g) With 16.7  dressed, the bulk structural and electronic properties of two
at. % Zr was formed by replacing a second Si atom with Zrknown crystals with higher than fourfold Zr coordination are
and maintaining the Zr—O bond length at 1.97 A. Figuresstudied and compared to those of model silicates based on
2(b) and Zc) show the resulting model silicate structures, the -cristobalite structure. Zircon (ZrSiis a known crys-
and structural parameters of both models are summarized ialline silicate with 16.7 at. % Zr The tetragonal unit cell
Table I. consists of parallel chains of edge-sharing fourfold coordi-
The assumption that Zr is fourfold coordinated by oxy-nated SiQ units and eightfold coordinated ZgQunits.
gen (O) at the concentrations considered is an importantMonoclinic ZrG, with 33 at. % Zr is the known ground state
limitation of the study. While Zr does indeed appear to beof Zr oxide and consists of sevenfold coordinated Zr atdtns.
tetrahedrally bonded to O at low Zr concentration, recentStructural parameters of both crystals obtained from full re-
experiments have shown that the Zr coordination increases &xation within DFT—LDA are listed in Table Il along with
higher concentrations. Based on extended x-ray absorptioexperimental values. DFT typically predicts ground state
fine structure spectroscopy measurements of Zr silicate filmstructural properties very accurately, and the agreement with
Lucovsky has found that the average Zr coordination indee@éxperiment in this case is quite good. An interesting obser-
increased from 451 for samples with~3.3 at.% Zr to vation is that the mass density of the tetrahedral model sili-

TABLE II. Structural properties and band gap values of known Zr silicate and oxide crystals. Both the raw LDA
and corrected LDA band gap values are given. An empirical correction factor of 1.66 has been used to obtain
the latter values. Experimental values for Zrgi@nd ZrG° are noted in parentheses where available.

Si-0 Zr-0 Corrected
Lattice bond bond LDA LDA
Zr constant O-coord.  length length band gap band gap
Model (at. % A) around Zr  (A) A) (eV) (eVv)
ZrSio, 16.7 6.61, 6.61, 8 1.61 2.14, 2.26 4.58 7.59
5.95 (1.62 (2.13,
(6.61, 2.27)
6.61,
6.00
monocl. 33 5.07, 5.23, 7 — 2.05-2.24 3.41 5.64
ZrO, 5.30 (2.04-
(5.15, 2.26
5.21,
5.31)
aSee Ref. 13.
bSee Ref. 14.
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cate ZpSi,Og(1.4amu/&) is approximately half that of silicates and oxides is smaller than in SiTThis has been
ZrSio, (2.8 amu/&). The large density difference implies identified as an important shortcoming of transition metal
that local stress—strain conditions may influence the stabilitgilicates and oxides in general?®
of various oxygen coordinations within the silicate film. The minimum band gap values were determined by ana-
Since the Z3Si,Og and ZrSiQ structures contain the same Zr lyzing the calculated band structures and are reported in
concentration, it is also possible to directly compare theirTables | and Il. An important limitation of the local density
total energies. The Z8Bi,Og model contains two ZrSi9 approximation(LDA) employed in most first principles cal-
bonding units and has an energy-054.79 eV per Zr bond- culations is that excited state energies, including the band
ing unit while zircon contains four ZrSifbonding units and gap, are typically underestimated. Compared to experimental
has an energy of-57.32 eV per Zr bonding unit, so that the band gaps of 8.9 eV for Si0and 5.83 eV for monoclinic
higher coordinated zircon model is 2.52 eV per Zr bondingZrO,, the present calculations yield 5.37 and 3.41 eV,
unit more stable. This large energy gain helps to explain theespectively’’ A common first-order correction is to empiri-
higher average Zr coordinations observed in experimentatally fit the LDA band gap to a known experimental vatfe.
silicate films with higher than a few atomic % #. The difficulty with this approach is that experimental band
The electronic structure of each silicate was analyzed bgap measurements for Zr silicates are not available, and it is
calculating the partial density of stattBRDOS and the band not clear whether a single factor can describe the band gap
structure. The PDOS is patrticularly useful for identifying the enhancement across a range of Zr concentrations. It can be
nature of bonding in a material. It is well known that in $jO observed, however, that a factor of 1.66 which fits the,SiO
the lowest conduction band states are formed from the Siband gap, also brings the Zs®and gap within 3% of ex-
states, while the highest valence band states are formed froperiment. The remainder of this study assumes that the same
the Op states’® In contrast, the PDOS of the model silicate empirical factor which fits the end members Sighd ZrG
Zr,Si;0g shown in Fig. 3 indicates that the lowest conductioncan also be applied to silicates across a range of Zr concen-
band states are formed from thed’states, while the highest trations. While the correction factor is empirical, it is ex-
valence band states are still formed from the 6tates. The pected that the important trends of silicate band offsets ob-
Zr,Si,Og model has a very similar PDOS and is not shown.served in Sec. IV are still meaningful. It is worth noting that
The PDOS of the known silicate ZrSj@vas also computed the quasiparticle GW method, which represents a higher
as shown in Fig. 4. Comparing the two PDOS near the bantkvel of theory beyond DFT—LDA, has been shown to accu-
gap, the bonding character in fourfold coordinated and eightrately predict excited state energies for a wide range of ma-
fold coordinated Zr silicates is qualitatively similar. The low- terials, including transition metal oxides such as zf&?°
est conduction states consist ofdstates, while the highest While the GW approach is more computationally intensive
valence states consist of ®states. Sincel electron levels than DFT—LDA, such a study of silicate band structures may
are lower in energy thaselectron levels, the band gap in Zr be of significant interest to the higheommunity.
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The band gaps of the lattice-matched model silicategivity of the band gap to the Zr—O bond length and lattice
were also calculated and are shown in Table I. It should benismatch suggest that local stress—strain conditions in the
noted that the Zr—O bond length of 1.97 A chosen for theséulk and at the interface will impact band offsets.
models is shorter than the Zr—O nearest neighbor distances
of 2.1 and 2.3 A reported for experimental silicate films by
Lucovsky?® To explore the effect of the bond length, addi-
tional silicate models were studied with different Zr—O dis-
tances. The band gap was found to decrease more than 30% \when two different semiconductors are brought to-
as the Zr—O bond length was increased from 1.9 to 2.1 A. Byether, there is generally some transfer of charge to equalize
comparing the fully relaxed and lattice-matched S&ruc-  the chemical potential across the interface. The resulting in-
tures, it was also observed that accommodating the 4.4%yface dipole, along with the electron affinity of the two
lattice mismatch between Sj@nd Si led to a 6% decrease in semiconductors, determines the band line3p&3L In the
the band gap. Again the decrease in band gap was accompggse of zr silicates, the band offsets are expected to depend
nied by an increase in the Si—O bond length, from 1.59 tqyn the role of Zr in altering the electronic structure of the
1.61 A. Figure 5 summarizes the corrected LDA band gap$eference Si/SiQinterface. An interesting observation to this
Of a.” structures Studied as a fUnCtion Of at. % Zr. The Sensi'end can be made based on the bonding Character Of Si”cates

as revealed by the PDOS analysis in the previous section.
Recall that the Zrd states form the conduction bands in

IV. INTERFACE CALCULATIONS

100 sio, silicates while Sk states form the conduction bands in SiO
2% zSi0, O p states form the valence bands in both materials. In the
g %0 o X absence of differences in interface dipoles, the valence band
g 70 A o offset in silicates is expected to remain similar to that in
ool 4 4o Si0,. On the other hand, it is expected that the conduction
% 50 | O - X band offset in silicates will be lower than in SiOsinced
3 o | Zr;$i50; 26,51,05 electron levels are lower in energy tharlectron levels. It
02Z-0=19A can then be projected that the conduction band offset alone
80 ’ézigz;f? would decrease with increasing Zr concentration, while the
20 ' ‘ ‘ ' ‘ valence band offset will remain unaltered, leading to increas-

0.0% 5.0% 10.0% 15.0% 20.0% 25.0% 30.0% 35.0%

Aomic %2+ ingly asymmetric offsets. Similar conclusions have been

drawn based on a Harrison tight-binding model of Zr

FIG. 5. Corrected LDA band gaps as a function of at. % Zr. An empirical <;|; 32-34 ; ; _
correction factor of 1.66 has been used. Models that were fully allowed toSIIICateS' Robertson has also predicted asymmetric off

relax are indicated by. All other models were lattice matched along the ~ S€tS for a Wide_ fange of high'materials consisting of
axis to the Si lattice constant. d-electron transition metaf$. The inherent asymmetry of
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barrier heights in silicates would imply increased susceptibil-
ity to electron tunneling relative to hole tunneling.

Several authors have studied the effect of interface di-
poles on band lineups at the Si/Silterface through theo-
retical method$?2%*>3¢Massoud and Lucovskgt al. esti-
mated the change in conduction band offset due to dipoles at
pure, nitrided, and suboxidized Si/Si@hterfaces based on
empirical and first principles cluster calculatiohs®
Kageshimaet al. correlated the strength of dipoles arising
from different surface terminations at model Si/gidter-
faces to changes in the valence band offset using first prin-
ciples supercell calculation?° These results suggest that it
may be possible to explicitly introduce dipoles at Si/silicate
interfaces to restore the symmetry of barrier heights implied
by the PDOS analysis. Robertson has suggested such a solt
tion for the case of the T@s/Si interface, which has a very
asymmetric alignment due to a small conduction band
offset?® These ideas are explored for the Zr silicate system to @) 0)
gain insight into the design of optimal interface properties.

Following the method of Van de Walle and Martin out- FIG. 6. Interface structure between Si and mode! silicatgSigg. In (a),
lined earlier, Si/silicate interface band offset calculationsthe ?i daﬁglhintggond_atct)hte int?fféticg iEHtEFTiﬂatedU);he Si l?a?g”ng o
were carried out using the lattice-matched models develope%f';toar;; iy need aTge aloms afe Si, smatatoms are &
in Sec. lll. Previous studies have followed a similar approach
to study band offsets at the Si/Si@nterface!®? It is cus-
tomary to fully relax the atomic positions in order to obtain the formation of a S&=0O double bond has been shown to
the lowest energy interface structure. However, in this studysaturate the Si dangling bor¥?° Since the Si=O bond is
atomic relaxations were limited to the first Si and O layers aimuch more polar than the Si—H bond, a large change in the
the Si/SiQ and Si/SjZr;Og interfaces. The relaxation led to interface charge transfer is expected. The resulting
structural changes at the interface, as the Si—O bond lengtD-terminated models for the Si}&r;0g and Si/SjZr,Og in-
was observed to change from 1.61 to 1.61-1.64 A and theerfaces are shown in Figs(l and 7b). The calculated
Si—O-Sibond angle was observed to change from 180° tdband offsets are listed in Table Ill. As shown in Fig. 9, the
165°-168°. No relaxation was allowed at the SiZ8jOg  general trend that valence band offsets remain nearly con-
interface, so that the Si—O bond length remained 1.61 A andtant while the conduction band offsets degrade considerably
the Zr—-O-Sibond angle remained 166°. These limitationswith increasing Zr concentration holds as in the
were imposed in order to maintain a constant Zonding
unit to facilitate comparison of band offsets at different Zr
concentrations.

The Herman construction of the Si/SiOnterface is

known to leave a single Si dangling bond at the interfdcé.
In the first set of calculations, the dangling bond in each
interface model was hydrogen terminated. The resulting
H-terminated models for the Si/Rir;Og and Si/SjZr,Og in-
terfaces are shown in Figs(e&d and 7a), respectively. It
should be noted that a superlattice structure is required by
the Van de Walle method, so that there are two identical
interfaces in each supercell. The Si/Sildterface model is
not shown. The potential shifiVV across the interface was
calculated for each model to extract the band offsets listed in
Table Ill. As shown in Fig. 8, the valence band offsets re-
main nearly constant around 4.5 eV, while the conduction
band offsets degrade substantially from 2.8 eV with increas-
ing Zr concentration, consistent with the behavior expected
based on the PDOS analysis. The increasingly asymmetric
ratio of conduction to valence band offset is shown in Table
[l (a) (b)

Changing the surface termination of the Si dangling

FIG. 7. Interface structure between Si and model silicatgSiZDg. In (a),

bond is a direct and controlled way of altering the Interfacethe Si dangling bond at the interface is H terminatedbln the Si dangling

dipole. A number of S_UCh terminations f_or the Si/§ii_ﬁte_r- ~ bond at the interface is O terminated. Large atoms are Si, small atoms are O.
face have been considered by Kageshima and Shiraishi armmd atoms are indicated.
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TABLE llI. Conduction and valence band offsets of model Si/silicate inter- 5.0
faces with H and O termination of the Si dangling bond at the interface. The 6)
ratio of conduction to valence band offset is also indicated. 40 +
Termination Ratio of E 30 X
of Si Valence band conduction to 3" b2}
Interface  dangling Conduction band offsetAE, valence band %
model bond offset AE, (eV) (eV) offset B 20 o
m
Si/SiO, H 2.77 4.49 0.62 10 t
(e} 4.48 2.78 1.61 | | ©Gonduction band offset
SilZr,Si;Og H 1.05 4.43 0.24 00 XValgnce bandl offset ‘ ‘ . ‘
7S g Sg;‘ ig;‘ cl);’g 00% 5.0% 10.0% 15.0% 20.0%
i1Zr,Si,0qg . . . Atomic % 2
o 1.80 3.44 0.52 tomie %

FIG. 9. Conduction and valence band offsets of model Si/silicate interfaces
as a function of at. % Zr. The Si dangling bond at the interface is O termi-
nated.

H-terminated case. However, the conduction band offsets are
shifted up while the valence band offsets are shifted down
relative to the H-terminated model by 1.2-1.7 eV. This isnation has been reduced. To confirm this, the charge transfer
consistent with an upward shift of the silicate bands relativeat the Si interface in each O-terminated model was estimated
to the Si bands, as depicted in Fig. 10. The potential shifby summing one half of the total charge density in the bulk
AV gipole arises from the electric field due to the charge transSi region and comparing it to the H-terminated Si/St@se.
fer dipole, as can be shown by successive integrations dfollowing a previous study of the interface charge transfer,
Poisson’s equation across the interface. The key insight ithe bulk Si region was defined by the plane midway between
that the dipole must point from the silicate into the Si sub-the two different Si surface atond$.The estimated charge
strate. As a consequence of the shift in potential, a mor&ansfer is observed to scale nearly linearly with the valence
symmetric band alignment has been restored as shown ipand offset, as shown in Fig. 11. As suspected, substantially
Table 1ll. Restoring the symmetry is considered importaniess charge transfer occurs at the O-terminated ZifDg
since degraded barrier heights on the order of 1 eV can leaititerface, consistent with the observed shift in the valence
to additional conduction mechanisms, such as Schottkpand offset.
emissiort® Since the predicted valence band offsets are sub-  To account for the difference in charge transfer, it can be
stantially in excess of 1 eV, it may be desirable to deliber-observed that an obvious feature of the SE8Og interface
ately trade off valence for conduction band offset through thenodel is the presence of -SD—Zr bonding at the interface,
introduction of interface dipoles. whereas the other models consist of Si—O-Si bonding at the
In addition to the explicit dipole introduced by Si dan- interface. It might be expected that the enhanced polarizabil-
gling bond termination, a more subtle dipole effect exists aity of the Zr—O bond would somehow affect the Si-O inter-
the model silicate interface. From Fig. 8, it can be observedace dipole by transferring additional charge to the O atom.
that the valence band offsets for H termination change bylowever, any such effect at the model interface is expected
less than 4% with increasing Zr concentration relative to théo cancel since the Zr atom is tetrahedrally bonded to O
Si/SiQ, interface. For O termination, the valence band offsetatoms in a symmetric manner. The absence of a large change
is seen to decrease by 2% at the SZ8jOg and to increase in the band offset at the H-terminated SiBi,0g interface
by 24% at the Si/SZr,Og relative to the Si/SiQinterface. also supports this view. However, it is worth noting that an
The large increase at the O-terminated S#BOg interface  experimental interface is likely to break the perfect symme-
implies that the effect of the charge dipole due to O termi-try of the tetrahedral bonding units assumed in this study, in
which case the presence of-AD—Sibonding at the interface
may well affect the band lineup. As an alternative explana-
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the lattice mismatch strain, and the charge transfer dipole at
the interface.

The high concentration of SO surface termination di-
poles used in this study is likely unachievable in practice.
The assumed interface bonding is also ideal and abrupt,
whereas alternative models have considered the presence of
suboxide bonding at the interface which leads to a different

a6 | S~ SiZnSis0 density of Si—Si bond¥?22° Nonetheless, the insight that

18 | Si/Si0, O dipoles pointing into the Si substrate can help to restore sym-

20 metry in silicate band offsets can be applied to anticipate the
0.0 0.1 0.2 0.3 0.4 0.5 0.6

expected effect of various departures from assumptions made
in this study. For example, it is expected that an interface
FIG. 11. Change in valence band offset as a function of charge transfer to §{hjch minimizes suboxide bonding at the surface is pre-
layer for O-terminated interface models. . - . . .

Y ferred, since a fully oxidized Si atom with two Si—O bonds
should lead to increased charge transfer compared to a sub-

tion for the decreased charge transfer, it is suggested that t&idized Si atom with one or more Si—Si bonds instead. The
observed change may be due to the electrostatic attractigikPected effects of higher than fourfold Zr coordination
between the surface O atom, which has a net negativiargely depend on the resulting changes in the interface
charge, and the Zr atom, which has a net positive chargeétructure. If the interface bonding remains similar to the case
Since the Si/S¥Zr,0q interface model places the Zr atom of tetrahedral bonding, then any change in the band gap is
closer to the surface O atom, the effect is expected to bexpected to directly affect the conduction band offset alone,
stronger. The S0 bond has indeed been measured to besince the interface dipole properties remain unchanged. This
5% longer at the Si/gZr,Og interface, and in general less is analogous to the observed 1.8 eV decrease in band gap and
charge transfer is expected at longer bond lengths. The olzonduction band offset which occurs in going from the
served difference in charge transfer may also be due in pagj/sio, to Si/Zr,Si;Og interface models, since the interface
to substrate-induced charge redistribution caused by changggnding there remains nearly identical. If the interface bond-
in the surface bonding arrangement. Direct calculation of th@ng were to change significantly due to higher Zr coordina-

effective charge of interface atoms by means of responsg,, j; is expected that the effects of interface dipoles would

functpns may help to clarlfy_ the mechanism furtfiér. be greater, since a higher density of O atoms would accom-
It is necessary to mention that the controlled assump-

. : . . pany the Zr atoms. However, whether the additional dipole
tions made throughout this study introduce some uncertaint .

into the quantitative predictions presented. For example, thgﬁects would improve or dggra@e the band offset asymmetry
present calculations predict conduction and valence band oﬂ'—"OUId depend on the o_leta_uled mt_erface structure. o
sets for the H-terminated Si/Sjnodel of 2.8 and 4.5 eV, In summary, steadily increasing the Zr concentration is
compared to experimental values of 3.5 and 4.4 eV,expected to lead to a number of observable changes in the
respectively’® It is difficult to know whether the conduction material properties of silicates. The dielectric constant should
band error arises from the empirical correction factor intro-increase, leading to a physically thicker film and a thicker
duced to fit the LDA band gap to experiment, the assumedarrier to tunneling. At the same time, the band gap should
interface bonding structure, or the observed decrease in bart#crease, so that carriers see a lower potential barrier to tun-
gap due to lattice mismatch strain. For the SiEiyOg inter-  neling. In addition to this tradeoff caused by increasing Zr
face, the present results predict conduction and valence bam@ncentration, the actual position of Zr incorporation relative
offsets of 0.61 and 4.63 eV, respectively, for H terminationto the Si interface will also play an important role, since any
and 1.80 and 3.44 eV, respectively, for O termination. Robeffect on the interface dipole will lead to changes in the band

ertson’s study based on fight-binding calculations predictgffset. These effects need to be well understood, since an

conduction g\nd valence band offsets of 1.5 and 3.4 eVeyisting design goal requires Zr incorporation close to the Si
respectively’® The agreement of the O-terminated model

th Robertson’ s | ¢ likel dental. h interface. It is desirable to form a uniform Si/silicate inter-
Wi Obertson s resufts 1S most fikely accidental, NOWEVEIt,qa rather than an intermediate Silixe transition layer,

The present study assumes a tetrahedrally bonded silicate . o . : .

: since this maximizes the effective capacitance of the kigh-

structure whose corrected band gap is 6.36 eV. Robertson

used the higher coordinated silicate Zr§i@hose band gap dielectric stack. It is expected that the closer the Zr lies to the

he estimated to be 6 eV, whereas the present caIcuIatioﬁeterface', the strqnger will be any resulting dipole eﬁect,
predict 7.59 eV for the same structure. Experimental studie&though it may raise or lower the band offsets depending on
of Zr silicate electronic structure will be needed to furtherthe resulting structure. These considerations may or may not
clarify the discrepancies. However, the observed qualitativde achievable in practice, however, since a previous study
scaling trends of silicate band offsets are expected to bBas found that volume strains generated by the larger size
valid, and the controlled manner in which the present calcuand longer equilibrium bond lengths of Zr atoms relative to
lations were performed provides insight into the dependenc8i atoms make Zr incorporation close to the interface ener-
of band offsets on such properties as the Zr—O bond lengttyetically unfavorablé?

Charge transfer to Si layer (e)
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