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Origin and repartition of the oxide fixed charges generated by electrical
stress in memory tunnel oxide

Sandrine Bernardini, Pascal Masson,® Michel Houssa,” and Frederic Lalande
L2MP, UMR-CNRS 6137, IMT Techndeale Chateau Gombert, 13451 Marseille Cedex 20, France

(Received 10 November 2003; accepted 1 April 2004; published online 7 May 2004

A method is proposed to determine the origin and the spatial oxide fixed charge repartition in
memory tunnel oxide from Fowler—Nordheim current measurements after electrical stress. The
Poisson equation resolution in the dielectric layer is required to account for the nonsymmetric
tunneling barrier deformation, resulting from charges generated within the dielectric layer. From
current—voltage characteristics measurements and simulations, we have determined the spatial
distribution of the oxide fixed charges within the dielectric layer of metalf&idetal structures. In
addition, the kinetics of the oxide charge generation can be explained by a dispersive hydrogen
transport model. ©2004 American Institute of Physic§DOI: 10.1063/1.1756681

Usually, the tunneling current flowing through the gate Viy-0)=0
insulator in metal—oxide—semiconduct®dOS) structures is Qs+ Q @)
calculated without considering the influence of dielectric Vgt ):_SCC—OXE“’
[0¢ ox

bulk charges on the shape of the tunneling baffi2How-
ever, it is well known t?]at thel eleptrllcl:al prppertle%-s of Moﬁ,wherey is the distance from the bulisilicon electrodg
strul((:tures depend muc Or? electrically aptlvehde ects. I'r; this Then, using Wentzel—Kramer—Brillouin approximatfon,
W,OI  We ?escrlbﬁ a method to determine the noTunllorrque express the current, due to the tunneling of electrons from
dielectric fixed charge distribution induced by eectrlca_l the substrate to the gaté.j and from the gate to the sub-
stress of metal/Si&Y metal structures, based on the analysis ;
. ) strate (o), respectively,
of tunneling currents after electrical stress. Our approach lies

in the continuity of the work of Kiet al# which have per- I si poly= AettQnsipoly

formed an analytical resolution of Poisson equation in the
case of a uniform fixed charge repatrtition. It is also shown ext —2 /Zq mnoxrc’x\/ryd
that the kinetics for the oxide fixed charge buildup can be RZ o Jo N PosipoAY [T
explained by a dispersive hydrogen transport model. 3)

In this study, the tunneling oxide capacitor, with area
WX L=1000x 75 um?, is assumed to be equivalent to three where A is the effective area of the capacit®,, is the
series capacitancésa highly doped silicon electrodén inversion charge in the substrat®/() and in the gate
type) with Ng,,=1.5x10°°m~°, an oxide layer withto,  (Qupay), Fimp i the impact frequencyd,, is the barrier
=8.3nm, and a highly doped-type polysilicon electrode height between the silicody,g; (or polysilicon,®y,,,,) con-
(gate electrodewith Ng=1.2x10°° m™3. The relationship  duction band and the dielectric conduction band, amg is
between the two surface potentialsg andW g (for the sub-  the electron mass in oxide. Figures 1 and 2 illustrate the
strate and the gate, respectivelgnd the gate voltag®,cs,  current—voltage I(-V) characteristics of two different ca-
is given by pacitors measured after cumulative times of negative.5

V) and positive(8 V) gate voltage stress, respectively.

X Fimp

Qox eff QSC( W S)
VGBZCDMS_ C—+\I,S_\PG_ C—, (1) 5 T T vy f—r T M
ox ox b From gate From substrate
to substrate to gate

where C,, is the oxide capacitancepys is the gate—
semiconductor work function differenc&sc is the total
bulk charge, and, . is the effective charge density seen < 10°
from the bulk interface. For a given gate voltage and a given s
dielectric charge density, the spatial distribution of the di-

electric potential,V, is calculated from Poisson resolution 10"
within the dielectric layer using a three-point finite difference

o Virgin curve
Negative stress

method and the following boundary limits:
V. [V]
dAuthor to whom correspondence should be addressed; electronic mail:
pascal.masson@polytech.univ-mrs.fr FIG. 1. 1-V characteristics of the capacitor recorded after cumulative times
Ypresent address: IMEC, 75 Kapeldreef, B-3001 Leuven, Belgium. of negative gate voltage stre6s9.5 V).
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FIG. 2. 1-V characteristics of the capacitor recorded after cumulative timesFIG. 4. Decreasing exponential distribution of the trapped oxide charges
of positive gate voltage stre¢8 V). used to fit the measurements shown in Fig. 3.

In Figs. 1 and 2, we will only discuss parts | and Ill the maximum value of the oxide trapped charges during the
which correspond to a decrease in the Fowler—Nordheinstress, and is the decay length. The increases in (8,44
tunneling current. This phenomenon is well known as theand\ values(from 0 to 450< 10 C m™2 and from 0 to 16.25
closure of the programmable window observed after numerA, respectively correspond to a trapped oxide charge mov-
ous write—erase operationsggPromcells! We observe, in  ing away from the interface during the electrical stress. Let
Figs. 1 and 2, a more pronounced current decrease for thes remark that the determination of the oxide charge distri-
injection of electrons from gate to substrate for a negativebution using the two-level charge pumping technigue on
stress, and from the substrate to the gate for a positive stre9dOS transistors after electrical stress shows the same kind
Based on this dissymmetric behavior of the tunneling cur-of spatial distribution for the oxide trafs.
rent, we have compared three different negative oxide fixed Figure 5 shows the impact of a negative fixed charge in
charge distributions: Constant, Gaussian, and exponentiahe dielectric layer close to the silicon electrode, which in-
The constant oxide fixed charge distribution did not allow usduces a band diagram deformation on this area. This result
to fit the experimental data for both positive and negativecan only be obtained by Poisson resolution within the dielec-
voltages. This result shows that the distribution of the fixedtric layer. It clearly appears that after positive stress, electron
charge, generated by electrical stress within the dielectriecunneling current is more degraded for a positive voltage
layer, is nonuniform. In the following, we detail only our than for a negative voltagé&f. Fig. 2. Symmetrically, in
results for positive stress. case of negative stre¢sf. Fig. 1), the induced fixed charges

Considering a Gaussian oxide charge repartition, thevould be located close to the polysilicon electrode. Let us
maximum of charge density must be located close to theemark, that foreEeProOM cells, the write—erase operations
substrate/oxide interface. However, the best fits to the dataould lead to two decreasing exponential distributions of the
(shown as solid lines in Fig.)ave been obtained by con- oxide fixed chargegéone on the silicon side and the other on
sidering a decreasing exponential charge distribuidrFig.  the polysilicon sidgwhich form one U-shaped curve.

4): A possible origin for the exponential negative fixed
_ charge distribution in the oxide can be the release of hydro-

Qo= QmaxeXF{—y + Qmin» (4) gen species at the Si/Sjnterface by an impacting electron
A during the stress. Then, the hydrogen species transport
whereQ,,, is the oxide charge in the virgin sampl@, ., is throughout the gate oxide and their subsequent trapping into
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— = ez Poisson resolution
107 ¢ From R fs 4 s 8t
gateto  \R #F substrate
100 | Substrate  \ @ 47 togate ]
\ ’ 12}
- 6 8 0 5 10
Ve [V] y [nm]

FIG. 3. Comparison of simulated and measure/ characteristics of the FIG. 5. Band diagram obtained with and without Poisson resolution within
capacitor after cumulative positive stress, under gate injection and substrathe SiQ), layer for the exponential negative fixed charge distributiokl @t
injection. =8V after 165 min.
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the oxide network lead to the generation ofSD—H de- 20 " " " j
fects close to the interface. These defects are efficient elec- °
tron trapping center$,forming SiO™ defects which could 15l ° i

correspond to the negative oxide charge generated during the
stress. From these assumptions, the kinetics ef Gi—H
precursor sites generation has been calculated within a dis-
persive transport modéf;!* where the charge generation is

N [x10%cm?
>

ox

assumed to be limited by the random hopping of &hd its 5F .
trapping in the SiQ layer.

Within this model'° the kinetics of charge density varia- 0 , , , ,
tion AN,, is given by 0 2000 4000 6000 8000 10000

t[s]

FIG. 6. Oxide charge kinetics comparison between the charge distribution
. . . used to fit the measurements shown in Figogen circley and the simula-
where Ny, is the density of protons close to the Si/$iO tions obtained from a dispersive transport mogelid line).

interface andG(y) is a function related to the probability

P(x,t) for finding a proton at a distance at time t; the  (or SiO,/gate) interface. A possible explanation for this de-
“‘improved trial function” described by McLean and creasing exponential distribution has been given from the
Ausmart? is used here for approximating(y). In Eq.(5),  generation of Si-O—H precursor defects close to the

Csioa=Xc/€nt®, wherex. is the position of the hydrogen- substrate/oxide interface, most probably leading to the cre-

induced defect centroid(,, is the average proton hopping ation of SiO” charges upon subsequent electron trapping.
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