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Towards a first-principles simulation and current-voltage characteristic of atomistic
metal-oxide—semiconductor structures
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We describe a theoretical approach to transport and a potentially valuable scheme for screening gate dielec-
tric materials. Realistic structural models of the Si-dielectric interface are employed for gE8iodel
metal-oxide—semiconductdMOS) structures. The leakage current for a 1.02-nm MOS structure is calculated
from first principles using Landauer’s ballistic transport approachamuhito molecular-dynamic simulation.

The calculated leakage currents agree with most recent experimental data.
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The International Technology Road Map for Semiconduc- e (m
tors predicts that the strategy of scaling of complimentary I=—| T(E)ME, (1)

metal-oxide—semiconductglCMOS) devices will come to H

an abrupt end around the year 231Phe principal reason where

for this will be unacceptable leakage current through the sili-

con dioxide gate for a thickness below 4 nm: the insulation m=E;—neVv

of the oxide layer breaks down for a very thin lagefhe

looming demise of SiQas a gate insulator has spurred an ur=Ef+(1-n)eV. 2

urgent search for an alternative gate dielectritFinding

such a material has proven to be far from trivial. Theoretical T(E) is the _transm|53|on probgblhty for. ele_ctron of en-
ergy E, n describes the electrostatic potential difference, and

modeling of the low b.|as gate leakage curre_nt, and how.|F |§/ is divided between the two contacts. We use Hre0.5
affected by the atomic structure and chemical composition

10
would be valuable to screen possible candidate materials. suggested by Dattet al.

In thi i thodol that b Thus the central problem is to calculate the barrier trans-
N tis paper we present a metnodology that may be US€ihiqqqp functionT(E). The transmission probability is often
to assist the materials research effort. Using a theoretic

: o ) . alculated within the WKB approximation, or using a real-
atomic level Si-SiQ model system we investigate the leak- snace  discretization of the effective-mass Hamiltoian.

age current through an ultrathin metal—oxide—semiconductochoosing a proper effective mass, however, is difficult. A
(MOS) structure using the quantum transmission probabilityyige range of values for the “tunneling” mass is used in the
The leakage current for a 1.9-nm MOS structure with ajjiterature’®**and amounts to a simple fitting. The small pa-
1.02-nm tunneling barrier correctly reproduces the recent exameter in the Luttinger-Kohn theory allowing the use of the
perimental datd. A combination of the density-functional envelope function and the effective mass itself is of the order
quantum molecular dynami¢®QMD) and ballistic transport of (a/a;)?, wherea is the lattice constant, and tteg is the
theory is employed. extent of the “defect” staté> which in our case is the thick-
We now discuss our approach to the leakage current cahess of the dielectric layer. When the thickness of the gate
culations in nanodevices such as ultrathin MOS structuregielectric (the scattereris only 1 nm the effective-mass ap-
where direct and trap assistant tunneling are primary leakagsroximation fails(the lattice constant of Si is 5.43 A) and
mechanism$ At the few nanometer length scale we can em-necessitates an atomistic approach. Curantinitio elec-
ploy simple ballistic transport theofyand the current calcu- tronic structure methods allow one to perform predictive cal-
lation is reduced to an effective one-dimensional potentiatulations for systems containing hundreds gindfavorable
barrier scattering problefhA ballistic description is justified circumstanceseven thousands of atoms. This implies the
for systems with dimensions below the physically importantnanometer length scale sought here. We propose to use the
scattering lengths such as the Fermi length, mean free pathicroscopic density-functional theory Hamiltonian with
and the phase relaxation length, which in a typical semiconscattering theory to describe the low bias leakage current
ductor are 10 nm, 3@m, and 1um, respectively. The bal- through the MOS structure.
listic transport through Si©has been studied theoreticafly To realize our program we neéd an atomistic model of
and experimentally? and the mean free path is reported toa MOS structure andi) a Hamiltonian to use for the trans-
be between 0.6 and 1.5 nm. Since the gate oxide layer in thaission function calculation. We generate both using a local
advanced transistor is about five atoms tHidge can com-  orbital first-principles quantum molecular-dynami€MD)
fortably use Landauer’s formalism. method designed for applications to large systems and imple-
The current is given by mented in the Fireball packad®!’ Integrals over the Bril-

0163-1829/2001/642)/1253064)/$20.00 64 125306-1 ©2001 The American Physical Society



DEMKOV, ZHANG, AND DRABOLD PHYSICAL REVIEW B 64 125306

louin zone are evaluated using the spedialpoints of
Monkhorst and Pack Recent applications of the technique
to materials problems are reviewed in Ref. 19. The efficacy
of the approach for transport problems is suggested from Hy iy H,
applying the “reference energy method” in which we esti-

mated the valence-band discontinuity at the Si-Si@erface e _(®

to be 4.67 eV° in agreement with the recent d&faAs an- SIS el A4S P

L
other preliminary to using the Fireball Hamiltonian for trans- & ¥

MR
port, we computed the effective masses for bulk Si. We find M . . : &
(in units of my) m;, m;, my,, andmy, to be 1.015, 0.199, M AR oY © '

0.24, and 0.163, respectively, in good agreement with experi- AR \
ment (0.98, 0.191, 0.537, and 0.16% The discrepancy in ¢
the heavy hole mass is due to the neglect of the spin-orbit
interaction, which causes the band to “flatten” when the de-
generacy is lifted.

We have constructed several model MOS structures. As a
starting point we use models of the Si-Silterface gener-
ated by the “direct oxidation” method described in Ref. 20.  FIG. 1. A simulated MOS structure. The thickness of the oxide
Briefly, the structure consists of a silicon slab with an oxideregion is 19.00 A including 10.2 A of the stoichiometric Si®er-
layer “grown” on it in a QMD simulation. Si layers are tical lines indicate the portions of the structure used to compute the
separated from the stoichiometric oxide by approximatelydefect HamiltoniarH4 and its couplings to the leads.
4 A of suboxide. Structural models of that type are used in
calculations of the band offset at the interface. We conlead’s Green’s function, rather than a band-structure derived
structed several cells of various dimensions and thicknessegglocity operator appears in our formalism. We have ex-
with and without dangling bonds at the interface. Then, intended this approach to a nonorthogonal basis.
the simplest case, a mirror image of the cell is generated, and A salient feature in our approach is that we include sev-
the two are fused together. That procedure results in &ral layers of the lead material in the “defect structure” as
Si-SiQ,-Si0,-SiO,-Si structure. Some special care needs toshown in Fig. 1. The coupling between the left and right
be taken of the SiQbonding pattern in the plane of contact. leads with the oxide is then obtained directly, and is essen-
Mixing and matching the initial Si-Si© structures, both tially exact. In principle, if we include an infinite layer of
Symmetric and asymmetric MOS models could be built. TheS|I|C0n at the left and rlght, we model the real device. The
structure then is annealed in a high-temperature QMD ru@dvantage of using the local orbital real-space Hamiltonian,
followed by a quench to a local-energy minimum. MOS is in that the defect denoted by thi; in Fig. 1 interacts only
model structures thus generated are used as scattering Mith a finite (a four-layey block of the leftH; and rightH,
gions or “defects.” In particular we will describe the tunnel- leads. We only assume that the orbitals of two leads are
ing through a defect with the oxide thickness of 10.2 A andmutually orthogonal. The intralead interactionsare gener-
a 5.43<5.43-A cross section. The relaxed structure of thisated exactly in separate calculations for lead structures. The
simulated MOS capacitor is shown in Fig. 1. There are ndGreen’s functions of the semi-infinite leads used to deter-

dangling bonds in the model. Once we have a defect modemine A; are obtained by the iterative block recursion. The
two perfect Si regions with the same cross section as thgeriodic boundary conditions are applied in two lateral direc-
defect, representing the leads, are considered attached @Bns. The detailed description of our approach will be pub-
both sides of the tunneling structure. Thus the total length ofished elsewhere.
the system is taken to infinity. The right Si region represents The major difficulty in using an atomistic approach to the
the channel, and the left region a grain of polytate elec- |eakage current simulation is the band bending at the
trode. semiconductor-oxide interface. The characteristic dimension
We adopt the approach of Fisher and £2and relate the  of the bending, the Debye length, is a function of doping and
transmission function to the Green'’s function of the Scatter'typica”y is on the order of a micron. This is C|ear|y beyond
ing region embedded between two semi-infinite perfect rethe present capabilities of the most ambitious electronic
gions. Starting with the Lippman-Schwinger equation we arstructure method. To avoid this difficulty, and since we are
rive at the fO“OWing eXpreSSion for the transmission fUnCtioninterested in the microscopic aspects of the |eakage, we con-
T(E): sider the oxide sandwiched between two degenefaiel
therefore metallir semiconductors. Accordingly, we place
T(E)=TH G4, G 1. (3) the Fermi level at the edge of the Si conduction band. To
determine the Fermi-level position in our sample we plot the
Here G is the Green's function of the scattering region SPatial dependence of the expectation value of the Hamil-
o A A aa tonian calculated for the valences 3tate of Si as shown in
coupled to the semiinfinite lead$, (), and T’ is 74idi7ai-  Fjg 2(g). The top of the valence band across the MOS ca-
Operatorsry; describe the coupling of the defect region to pacitor is placed with respect to this reference level as de-
the leads. Note that the spectral denslty, related to a scribed in Ref. 20. The band gap of Si in our technique is
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FIG. 3. The transmission functions, local density of states, and
inverse participation ratio for the simulated MOS structure.

180 gime the current is pure tunneling across the gap of the ox-
ide. As the voltage increases over the gap of Si the conduc-
tion band of the left lead comes in resonance with the
valence band of the right lead, and the interband tunneling
switches on as can be seen by a feature in the differential
0 | 100 conductance at-2.0 V. The conduction band of the oxide
comes in resonance with the right lead at about 6 V and a
110 dramatic current increase can be seen in Fig. 2.
As we will show, this behavior is easily understood from
70 80 80 40 16 a0 50 70 the local density of states, inverse participation ratio and
Voltage (V) transmission function of the device shown in Fig. 3. Our goal
FIG. 2. (a) The Si 3 valence state matrix element plotted across!S {0 S€€ how the structure of the interface translates into the
the model capacitor structure shown in Fig. 1. There are no danl@nsport properties. There are three distinct types of defects
gling bonds at the Si-oxide interface in the model. Used as a refefP0Ssible in our structures: suboxide Sit@gion where the
ence energy this level allows us to find the top of the valence ban@Xidation state of Si gradually changes from O-t@, oxi-
(Ref. 20. From the computed valence-band top of Si we place thedation induced strain, and interfacial defects such as dan-
Si Fermi level at—1.85 eV to achieve the degeneracy. The thick- gling bonds.
ness of the tunneling barrier of 10.2 A is determined by the sto- Our simulated MOS device does not have any dangling
ichiometric oxide region marked by the energy levet-9 eV.(b) bonds, and the gap region from2 eV to —4 eV is rather
The calculated tunnelingV characteristic of the simulated MOS clean (Fig. 3). In the suboxide layer, a Si atom bonded to
structure. three Si neighbors and one oxygen produces a localized state
in the valence band at-4.2 eV as well as a state at
1.85 eV, that puts the Fermi level at1.85 eV. In addition, —1.6 eV in the conduction band. The “suboxide” states
Fig. 2@ reveals a very important feature. Notice that thedominate the valence-band edge. Deeper into the band, at
perfect Si slabs of the structure are separated by 20 A, how-5.6 eV we see localized states induced purely by the oxi-
ever, the stoichiometric oxid@nd the tunneling barrieoc-  dation strain causing a distortion of the Si bonding near the
cupies a much more narrow region from4 to 6 A. The interface. Both features produce peaks in the transmission
energy level at-19 eV corresponds to the Si oxidation state function and in the derivativdl/dV in Fig. 2(b). The struc-
4+ and marks the region of a proper oxide. The calculatedure in dl/dV is therefore related to the weakly localized
I-V characteristics of the simulated MOS structure are showistates arising from chemical and structural disorder at the
in Fig. 2b). Following Dattaet al}® we use a simplified interface®*
treatment of electrostatics, and assume the potential in the The leakage currents for MOS structures with the thick-
oxide varies linearly. A positive bias is applied at the left ness ranging from 4 to 32 A have been recently measured at
lead, and we keep the energy levels of the defect as a fixeBell Labs® The leakage current densities for a 35-nm tran-
reference, and let the leads float up and dowrMii. This  sistor structure with the oxide thickness of 10.2 and 19.0 A
approximation is justified for a low applied voltage becauseare 19 and 10° A/cm?, respectively. To emphasize the
the band gap of the oxide is very large, and a small bias wilproblem of the effective-mass approach we fitted the experi-
cause only a very small charge transfer. In the low bias remental data with the WKB formula and obtained*

08

di/dV (mA/V)
3
Current (pA)

- -5.0
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=0.95m, for a thinner oxide, andn* = 0.87m, for a thicker  neling structure, but we have also applied this technique to
one. Using the cross sectional area of 295ahd the cur-  alternative gate dielectrié§. The use of quantum molecular
rent of 9.84<10 2 pA at a 1-V bias[Fig. 2(b)] our theory dynamics enables us to generate realistic atomic level
predicts the current density of 33.2 A/érfor a 10.2-A bar-  model$®?°that then are used in transport simulations. As we
rier structure (19.0 A total oxide thickngs® remarkable have shown, in a nanodevice the small deviation in the
agreement with experiment. The comparison with the experiatomic arrangements at the interfa¢er in the dopant
ment should be done with caution, however, since the data igjstributiorf®) have a dramatic effect on the electron trans-

obtained in the invers_ion regime, Whiph we approximate withport_ To capture these effects one has to go to the atomic
the degeneratémetallic) leads. Most importantly, our tech- |imit.

nique provides a direct relationship between the features in |, summary, we have described a theoretical approach

the I-V characteristic and the microscopic nature of the deyiiapie for screening of potential gate dielectrics, studying

vice. A typical quantum-mechanical calculation includes ayq gb.0 1,m nanodevices, and to guide the experimental
self-consistent solution of the Scliioger and Poisson equa- efffort. Using a combination of the density-functional quan-

tions in one dimension to generate the scattering potentia%um molecular dynamics and ballistic transport theory we

barrier, followed by the transmition calculatiéhThe trans- . . :
mition can be calgulated with a variety of methods ranginggenerate ultrathin MOS structures and investigate the leak-

from a simple WKB approximatiori to a nonequilibrium age _current _through them. We are able to relate th_e micr_o-
Green function approa(fi’?.As we have stated earlier, the scopic atomic str.ucture and_ chemlstry of such a dgv]ce tol its
effective-mass approximation, the band picture, and thus thikansport propertles accessmle.expenmentally. This is an im-
potential barrier description itself are not appropriate for sysPortant step in our understanding of the nanoscale electron-
tems of just a few unit cells in size. This also is readily seerlCS-

in Fig. 2(@). Our approach describes the electron propagation

in a real material through the atomic quantum states, within a It is our pleasure to thank D. Vasileska, R. Akis, D. Ferry,
simple but sufficiently robust transport model. The method igHeather Loechelt, J. Hallmark, K. Eisenbeiser, A. Talin, O.
truly three dimensional(3D). We perform a full 2D  Sankey, and E. Hall for stimulating discussions and support
Brillouin-zone integration and thus capture the off-zone cur-of our work. X. Zhang thanks Motorola, Inc. for support
rent flow?’ Here we investigate the most fundamental tun-through the Motorola Summer Internship Program.
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