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The Effects of Interfacial Sub-Oxide Transition
Regions and Monolayer Level Nitridation on
Tunneling Currents in Silicon Devices

Hanyang Yang, Hiro Niimi, Jeff W. Keister, Gerald Lucovskflember, IEEEand Jack E. Rowe

Abstract—Direct tunneling (D-T) in Si metal-oxide-semicon- 10— — — T T
ductor (MOS) devices having 1.8 to 3 nm thick gate oxides
is reduced approximately tenfold by monolayer Si-dielectric
interface nitridation with respect to devices with nonnitrided
interfaces. The reduction is independent of gate oxide-equivalent
thickness, and gate or substrate injection, and extends into the
Fowler—Nordheim tunneling (F-N-T) regime for thicker oxides
as well. A barrier layer model, including sub-oxide transition
regions, has been developed for the interface electronic structure
for tunneling calculations using X-ray photoelectron spectroscopy
data. These calculations provide a quantitative explanation for the
observed tunneling current reductions.
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|. INTRODUCTION

XPONENTIAL increases in tunneling current with 10°

decreasing gate oxide thickness, tox, present a signifi-

. . . . . . . . -6
cant limitation in aggressive scaling of Si MOS devices for 10
tox < 2.5 nm. The SIA National Technology Roadmap for
Semiconductors [1] calls for oxide-equivalent thicknesses, 107F
tox-eq, < 1 Nm by 2112, stimulating research on alternative I
: . : : : : -8 ML . 1 . ! . 1 .
insulators vv_|th dlelectrlc_con_stantg,_, h_|gher than S|Q._ 10,5 1.0 2.0 3.0 20 5.0
Implementation of alternative dielectrics increases capacitance .
without accompanying decreases in physical thickness, and Applied Gate Voltage(V)
ha,s gene_rated near-term interest In, mmded oxides, '”dUd'Ei%. 1. Current density-voltage (J-V) plots for devices with oxide dielectrics
oxide/nitride stacks [2]-[5] and oxynitride alloys [6]. for substrate injection forh-poly-Si-SiQ-n-Si devices with nonnitrided (solid

Studies have demonstrated that tunneling is reduced in deuares) and nitrided (open squares) interfacestith, = 27.0 nmg(group 1)
vices with monolayer Si-Siginterface nitridation compared to 2"d 3-0 nm (group 2). The doping in the n layefs-5 x 167 cm™*.
devices with nonnitrided interfaces and the same., [3], [7].

Tunneling is reduced by about 8 + 2 for both substrate and g@ji§otoelectron spectroscopy (XPS) to estimate the widths of the
injection fortes-eq ~ 1.8 to 3 nm. Reductions are not due to 1)nterfacial transition regions [10].

flatband voltage shifts [7], Zimpleincreases in physical thick-
ness [7], and/or 3) decreases in interface roughness [8]. Mesar-
jian et alwere first to recognize interfacial transition regions
with sub-oxide bonding modified F-N tunneling [9]. This letter Fig. 1 displays J-V plots in the D-T regime for devices
extends their approach into the D-T regime, using X-ray prepared by combined remote plasma-assisted/rapid thermal
processing [7], [11]. Similarly, J-V data in the F-N regime
show a saturation in current reduction[df0-15 for interface
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(a) SiOx XPS studies were performed on Si(111) and Si(100) sub-
f strates with similar results: 1) interfaces showed integrated spec-
Ach = 3.15 eV tral content in the sub-oxide/nitride bonding regime between the
2p Si substrate feature 899 eV and the Si@bulk oxide feature
at[1103.5 eV in excess of the monolayer defining the interface;
Si(1.1eV) 2) integrated intensities in this region decreased by 15-20% be-
tween as-deposited (300) and annealed conditions (90D)
consistent with other measurements [13]; and 3) decreases in
sub-oxide bonding occurred predominantly in arrangements not
intrinsic to a particular surface (e.g., théSifeature decreased
markedly on Si(111) after a 90C inert ambient anneal [10]).
Other studies have shown that interfaces formed by thermal ox-
0'2_7 nm idation at 900C display additional changes in interface mor-
(b) SiOx phology after 900C nonoxidizing anneals [14], emphasizing
fundamental differencds interface morphology and bonding
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. for growth and annealing at the same temperatures.
Achb=2.15¢eV
Si02 A
Si (8.8 eV) Si (1.1 eV) [ll. M ODIFIED BARRIER LAYER MODEL FOR DIRECT
— TUNNELING
nitrided . — e

Si-SiOy interface Fig. 2 indicates modified interface structures proposed for
900°C annealed [Fig. 2(a)] nonnitrided and [Fig. 2(b)] nitrided
Si-SiQy interfaces. The sub-oxide bonding in (a) defines a tran-
sition region between the Si substrate andSi@lectric with

025 an average Sigcomposition. Following [9], alinear variation in
S0 him

the conduction band offset energy has been assumed. The width
Fig. 2. Schematic representations symmetric n-SixSi€si gate stacks of th|§ reglor_1 was es_tlmated from XPS results. FIr_St’ the a.real
with (a) a sub-oxide (SiQ) interfacial transition region, and (b) a sub-oxided€nsity of Si atoms in a mono-molecular layer with an SiO
interfacial transition region (Sif) with a nitrided Si-dielectric interface. The composition (5.2 + 0.1 x 16 cm~2) was determined by aver-
widths of the interfacial regions have been estimated from XPS studies [10]aging Si-atom areal densities iFSi (N7 8 x 10+ cm—2) and

SiO, (~2.6 x 13* cm~2) The thickness of a molecular layer

of Si0y 0.32 + 0.05 nm, was obtained by similar averaging. For

2
10 L nonnitrided interfaces, XPS data indicated an excess Si areal
i ] density of 4.4 + 0.4 x 18 cm~2 or approximately 0.85 + 0.1
10’ 3 3 of a molecular layer. This corresponds to a transition region
- ; ] width of [0.27 £ 0.03 nm. For the nitrided interfaces the cor-
E, 10° L ] responding excess areal density increasestd ML with a
"-; E thickness[0.35 + 0.03 nm. The observance of different reso-
= a i nance energies for nitrided and nonnitrided Si-SiQerfaces
¢ 10 3 3 in optical SHG measurements [12] establishes that conduction
S i ] band offset profiles at these interfaces are different. A potential
$ 107 - 4 step of 2.15 eV, equal to the conduction band offset energy be-
g i ] tween Si and $N4 has been applied at the nitrided Si-dielectric
2 40° L ] interface, and following [9], the remainder of transition region
= : E is represented in Fig. 2(b) by a linear variation between the top
£ E ] of the interface step and the Si©onduction band edge.
2 10° E 3 Fig. 3 compares calculations of D-T based on the WKB ap-
‘ proximation [15], [16] for three different dielectrics, each with
10° S T R S R BV tox-eq = 2.0 NM:
00 05 10 15 20 25 3.0

1) an ideal oxide with no interfacial sub-oxide bonding

Applied Voltage(V) (curve 1)(tox = 2.0 nm);
2) an oxide with interfacial sub-oxide bonding (curve 2),
Fig. 3. Calculated D-T currents for devices with@ x 10'°cm—2 Si-SiOx-n (t = 1.85 nm);
(5 x 10" cm~* Si gate stacks with an oxide equivalent thickness,., = ox e . . . .
2.0 nm. The gate stacks are 1) aittal oxide with abrupt interfaces., = 3) an oxide with interfacial sub-oxide bonding and a nitrided
2.0 nm, (curve 1); 2) an oxide with a sub-oxide transition region: = 1.85 interface (curve 3)(tox = 1.77 nm).

NM andtiyans region = 0.27 Nm as in Fig. 2(a) (curve 2); and 3) an oxide . . . .
Withasub-oxidétransition region with a nitrided interfatg: = 1.77 nm and The tunne“ng barrier is 3.15 eV, and the tunne“ng mass Is

tirans region = 0.35 Nm as in Fig. 2(b) (curve 3). 0.5m, [15], wherem, is the free electron mass. The deter-
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minations fort., for 2) and 3) fixedtox-q = 2.0 nm, and [2]-[6], since interfacial nitridation can result from nitrogen
assumed in the sub-oxide regions in 2) has increased from 8ahsport during processing, including post-deposition anneals
for SiO, to 6.7, and in 3) from 3.8 to 5.7. These calculationg3].
demonstrate that D-T currents are reduced by interfacial nitri-The comparisons in Fig. 3 between calculated D-T currents
dation~8-10 with respect to devices with sub-oxide bondinfpr ideal abruptSi-SiO; interfaces, and those with sub-oxide
alone. Additionally, the calculated tunneling in the device wittransition regions demonstrate that transition regions must be
the nitrided interface is nearly equal to that of the device wittobnsidered in fitting experimental data to model calculations
ideal abrupt interface; in the spirit of the WKB approximatelyeven for nonnitrided dielectrics. For example, determinations
the same thickness-(tunneling mass-average barrier hetghtpf fit parameters based on ideal interface models can lead to
products [15], [16]. values of tunneling masses and/or band offset energies which
Theapproximateeduction in direct tunneling currem®p-r, areeffective valueslue to neglect of the interfacial sub-oxide
can be estimated using the WKB approximation [15], [16]. transition regions.
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