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Tunneling Leakage Current in Oxynitride:
Dependence on Oxygen/Nitrogen Content

Xin Guo, Student Member, IEEEand T. P. Ma,Fellow, IEEE

Abstract—t is widely known that the addition of nitrogen in Refractive Index
silicon oxide, or the addition of oxygen in silicon nitride, affects 15 16 17 1.8 1.9 20 O
its reliability as a gate dielectric. This letter examines the gate 8 ————7T 77— g
leakage current as a function of the oxygen and nitrogen contents L ,_é-f 32
in ultrathin silicon oxynitride films on Si substrates. It will be .. {; R I
shown that, provided that electron tunneling is the dominant ' 71 -9 § 4 3o§'
current conduction mechanism, the gate leakage current in the 3 \9\\ -
direct tunneling regime increases monotonically with the oxygen 2 i 2 1288
content for a given equivalent oxide thickness (EOT), such that 8 6 ¢ % o
pure silicon nitride passes the least amount of current while pure o %@ . i 2_6,;',’
silicon oxide is the leakiest. g N T 3.
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I. INTRODUCTION = 4l ®  Barrier Height ?2 2“f=:
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SIELICON oxide, oxynitride, and silicon nitride have been . © ID‘°1°'C“‘“ Constant . 150%
xtensively studied as dielectrics for both DRAM storage SiO A L
2 0:524% O0:41.1% 0:28.7% 0:15.0% 3 4

capacitors and field-effect transistors. Theoretical modeling of
tunneling leakage current through thermal oxide has been ceit: 1. Conduction band barrier heights and dielectric constants of oxynitride
ried out by the use of several approaches, including numeriéias [11]-{13].

integration of Airy function [1], semi-empirical WKB approxi-

mation [2], and quantum-mechanical calculation [3]. However, Il. RESULTS AND DISCUSSION

there has not been a systematic study of th_e_dep_enden(_:e qfo calculate the tunneling current one needs to know both
the leakage current flowing through the oxynitride film on e barrier height and the dielectric constant, in addition to

oxygen/nitrogen ratio, despite its scientific interest as well e dielectric thickness. Fortunately, both of these parame-

technological importance. One of the reasons for the lack t%frs have been determined experimentally over a range of

such a study, we believe, was due to the different conductigy sennitrogen contents [11]-[13], and their results are very
mechanisms that are operative in these dielectrics: rangifdsul for this study.
from electron tunneling in silicon oxide to Frenkel-Poole ri 1 shows a compilation of barrier height and dielectric
hoppln_g_ln silicon nitride [4]-{6], which make the anaIySISt:onstant data taken from the literature [11]-[13] for a wide
very difficult. range of film compositions, all the way from pure oxide to pure
._It Was_f?ce”t'y demon.st_rated. [7]_[,10] thf"‘t one can maifﬁtride. It is apparent that the conduction band barrier height
silicon nitride anq ogynltrlde f|lms in which the CL,”rer_‘tincreases monotonically with increasing oxygen concentration
t'ransport mechanism is predo.mm.a'ntly elgctron tnneling, jYshie the dielectric constant decreases monotonically. The data
like what has been observed in silicon oxide. The reason thaf | strongly suggest that both parameters vary linearly with

Frenkel-Poole conduction does not play an important role -ﬁ'e oxygen concentration, and may be represented by the
such dielectric films is believed to be due to the substantial

: . af¥llowing functional forms:
lower trap density as compared to conventional CVD nitride
and oxynitride films. This development makes the theoretical con =¢co + (1 —a) x (ey —¢0) =3.9x (2—-a) (1)
modeling and calculation of leakage currents in oxynitrid
films much more manageable, and this letter reports the results

of such calculations on films covering the entire range of pon = po — (1 — a) x (én — d0)
oxygen/nitrogen ratios. =3.15—(1—a)x 1.05 (2

whereep, en, andegn are the dielectric constant of oxide,
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CT 06520 USA. oxynitride film; i.e., 100% for pure silicon oxide and 0% for
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Fig. 2. Leakage current densities of dielectric films of 3.0-nm EOT as a
function of refractive index and atomic concentrations of oxygen and nitrogeﬂg 3. Leakage current densities of dielectric films of 2.0-nm EOT as a
function of refractive index and atomic concentrations of oxygen and nitrogen.

N can then be obtained from the “stoichiometric” oxynitride
(SiO;N,) composition relationship [13] as in the following

o~

fOI’mZ NE 102 E T T T T T T T T T T T T
) : —M— 1.5 nmEOT @ Dielectric Voltage =1.0V ]
20 + 3y =4. 3 <l 10't *® —@—2.0 nmEOT @ Dielectric Voltage =20V
\; —A—3.0 nm EOT @ Dielectric Voltage =40V~ J
Although somewhat fortuitous, the linear relationships of *é' 107 F ~ 8~ =~ s Gert it Te?
(1) and (2) provide very convenient means for interpolating, & i \A ]
ich i il | i i S107F LN
which is necessary to fill in the data points which are not = ] \ A PR
available experimentally. = 102k ° n 4
Having obtained the composition-dependent values of the E \ \.
barrier height and the dielectric constant, we then calcu- © 103} '\ ~ E
lated the tunneling/—V characteristics for sets of oxide, & , e T
nitride, and oxynitride films with various equivalent oxide _5310 ] *—e ]
thicknesses (EOT’s) in both direct tunneling (DT) regime 310-5 S N S —
and Fowler—Nordheim (FN) regime. WKB approximation was ™= SIO, 4% 0411% 0 150% O 150% SlaNg
used to calculate the tunneling probability. The direct tunnel- Dielectric Film Composition

ing current calculation is derived from an earlier study by

Simmons [14] on tunneling current through thin insulatingig. 4. Relationship between tunneling current and dielectric film composi-
films. An electron effective mass 6f5m, is used throughout tion: dependence on oxygen/nitrogen concentration.

the entire calculation. The calculated leakage current agrees

well in bOth the FN and the DT regimes..ln the case.of pudrgirrent below 1 V can be reduced by more than two orders
thermal oxide, the calculated results obtained from this mo magnitude compared to its pure oxide counterpart. The

are con_5|stent with previously published quantum-mecham(%)z%leviously proposed 1 Alcinscaling limit [3] is also plotted
calculations [3].

The calculated results are shown in Fig. 2 for films Q" Fig. 4. One can see that, while the scaling limit for thermal
3.0 nm EOT, and in Fig. 3 for films of 20' nm EOT Inoxide is about 2.0 nm, with oxynitride of high nitrogen content

the DT regime, it is obvious that the pure silicon nitrig®" Pure nitride, t_he sgaling _Iimit can be much thinner at the
film gives the lowest leakage current density because of RECiected operating dielectric voltage of 1 V. .
larger physical thickness, despite its lower barrier height, While it is not easy to determine accurately the film com-
and the leakage current increases monotonically with tR@Sition in the ultrathin regime, the preliminary experimental
oxygen content. However, in the FN regime, there is a cletgsults that we have obtained do agree well with the theoretical
turnaround, showing that some oxynitride can give us lowg@lculations. Fig. 5 shows the experimental data of oxynitride
leakage current than pure nitride. These two effects can #@s of 1.82-nm EOT to 2.18-nm EOT witk10% to~18%
seen more clearly in Fig. 4, where the leakage current densit@snitrogen, deposited by the JVD technique [7]-{10]. The
of the 1.5-nm, 2-nm, and 3-nm films are plotted at dielectricOT was obtained fror’—V measurement with extrapolation
voltages of 1 V (DT), 2 V (DT), and 4 V (FN), respectively.based on a fully-quantum-mechanical scheme [15]. One can
One striking aspect of the theoretical results is that, wittee that the data fit the theory quite well. The nitrogen con-
as little as 10% of nitrogen in the film, the direct tunnelingentrations extracted from the data fitting procedure agree with
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Fig. 5. Comparison of experimental data and theoretical calculation of
oxynitride films of three different EOT’s containing10% to~18% nitrogen.

[71
the film compositions obtained from AES measurements with
about 5% error, which we believe is within the measurement
error of the AES method. [8]

SUMMARY

M.
In summary, we have shown that an oxynitride film is gen-[g]

erally less leaky than its thermal Si@ounterpart of the same
EOT, provided the dominant current conduction mechanis
is electron tunneling. In the direct tunneling regime, a high
nitrogen concentration leads to a less leaky film, and in the]
extreme case of a pure silicon nitride film, the leakage current
may be as much as seven to eight orders of magnitude lowgj
than its pure thermal SikDcounterpart. This comes about due
to the nitride’s larger physical thickness for a given EOT[
despite the fact that it has a lower barrier height.
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