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Origin of Positive Charge Generated in Thin
Si0, Films During High-Field Electrical Stress

Kiyoteru Kobayashi, Akinobu Teramoto, and Hirokazu Miyoshi

Abstract—The characteristics of electron capture in a 13174 i ;

silicon dioxide after hot-hole injection have been studied, which Si-sub. S|O2 Gate
have been compared with those after high-field Fowler—Nordheim
(FN) electron injection. After hole injection from the silicon e

substrate into the oxide, positive charges were accumulated in .l.............EfE
the oxide and electrons could be captured even at low oxide fields | I Y
only under the positive gate polarity. The charge centroid of the Ey

captured electrons was near the substrate-Si© interface. The
low-field electron capture can be explained based on the electron
tunneling from the substrate into the positive charge and neutral 9eV
trap centers created near the substrate-Si@ interface.

In order to investigate the initial stage of the oxide degradation
due to high-field FN stress, electrons were injected from the gate
and the charge fluence was selected to be1.0 Clcnt. After
the high-field stress, positive charges appeared in the oxide and
electrons were captured only under the positive gate polarity
by the positive charge and neutral trap centers, which were
distributed near the interface. These facts are explained on the
basis of the model describing that hole injection and trapping
are the dominant causes for the generation of the positive charge

+

+

O/
h+

Fig. 1. Schematic energy-band diagram showing Fowler—Nordheim electron

centers during high-field FN stress. tunneling and hole injection in an MOS structure under negative gate bias.
Index Terms—Electron tunneling, MOS devices, oxide degra-
dation, trap generation. field and will lose energy by phonon scattering [8]-[10]. The
energetic electrons will arrive at the anode (silicon substrate)
I INTRODUCTION and will produce electron-hole pairs via the interband impact

. L ... mechanism [1], [2], [7]. The energy of the electrons entering

H IGH-FIELD electrical stress to the thin silicon dioXidey,q 5nade is converted in part to electron-hole pairs [6]. The

(SIO,) i metal-o>§|de-sem|conductor (MO,S) dewcesholes that are generated with enough energy will be emitted
causes Fowler-Nordheim (FN) electron tunneling and Sk the valence band of SiO[2], [6]. A small fraction of
multaneously induces various kinds of oxide degradatiofyoqe holes can be trapped near the Si,Sigerface [2]. In

such as accumulation of positive and negative charges, tapjision several authors have reported that holes injected into

creation, and interface state generation, eventually leadifpQ oyide are captured by defect sites and create positive charge

to_ catastrophic o>.<id_e_ breakdown. These .ph(-_zljomena. are Wters [11]-[14], which can capture electrons [11], [12], [14].
primary causes limiting MOS device reliability in silicony; g heen also suggested that the hole injection followed by

integrated circuits. _electron injection creates neutral electron trap centers [12],

Several studies on the oxide degradation in MOS devicpSy That is, in the previous studies concerning the oxide
have proposed that holes are produced in the anode of fagyaation during high-field stress and hole injection, it has

MOS Qevices during high—field stress and are injected inf%en proposed that the following four events simultaneously
the oxide [1]-[7]. Fig. 1 illustrates the schematic energy ba cur during FN electron tunneling:

diagram that shows the proposed mechanism of hole injection

in an MOS structure under negative gate bias. Electrons arel) _th_e c_reat|on of p(_)sm.ve charge centers due to hole
injection and trapping;

first injected from the gate into the conduction band of SiO .
. . . e . . 2) the electron capture by the positive charge centers;
owing to FN tunneling. Since the electric field is very high, 3) the resultant creation of neutral trap centers;
the injected electrons will gain kinetic energy from the oxide P '
4) the electron capture by the neutral trap centers.

) . . However, in spite of extensive research described above,
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review of this paper was arranged by Editor M. Fukuma. various models, such as migration of hydrogen-related species
K. Kobayashi is with Memory IC Division, Mitsubishi Electric Corporation,[15], [16] and electron-emission from neutral traps in the

Hyogo 664, Japan. o oxide [17], have been proposed to explain the positive charge
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created during high-field stress are still controversial issues.
It is needed to clarify the role of holes in the oxide degra-
dation during high-field stress. In addition, it is important to
understand the electrical properties of the positive charges and
oxide traps in order to predict their influences on MOS device
reliability.

In this article, we first focus on the characteristics of electron s hit
capture of the oxide traps generated by hot-hole injection, h*
which are compared with those of the oxide traps created by nwell in ptype (100) Si
high-field FN stress. We also demonstrate that hole injection T
and trapping are the dominant causes for the generation of T Vil

positive charges and oxide traps during high-field FN stress. ) ] o o
Fig. 2. Schematic drawing of the biasing conditions in the p-channel MOS-

FET during substrate hot-hole injection.

Il. EXPERIMENTAL Jg =-0.02 Alcm?

The metal-oxide-semiconductor field-effect transistors
(MOSFET’s) with p-type source and drain were fabricated
on the n-well region in p-type (100) silicon substrates with
standard MOS technology. The gate oxide with a thickness
of 131 A was grown using pyrogenic oxidation at 75C.

A gate electrode was formed froim situ phosphorous-doped
polysilicon. The thickness of the polysilicon film was 20A0
and the phosphorous concentration was 60*° cm—3. The
source-drain regions were doped with boron ion implantation. L
After the dlfoSIO!‘l and aluminum metalllzat_lon’ all the deVICeEig. 3. Schematic drawing of the biasing conditions in the p-channel MOS-
were annealed in a 458C hydrogen ambient furnace. ThereT during high-field FN stress.

gate oxide thicknes§&,,) was calculated from the capacitance

nwell in p-type (100) Si

using the relative dielectric constant of 3.85. 1.0 —=

Fig. 2 illustrates a schematic drawing of the biasing 131A 7 -
conditions in the p-channel MOSFET during substrate hot- 8k y
hole injection. The gate electrode was negatively biased with £
grounded source and drain, and the n-well was positively x N £
biased. The electric fields in the gate oxide and the n-well g 0.6 4
region can be controlled by adjusting the gate Kids) and Q y ’ Initial
the n-well bias(Vy.n), respectively. A positive biagV;) was ( OdF~—=—z"= — —-5.9x 1016 holes/cm?
applied to the p diffusion layer to satisfy the forward-bias | == Negative ggte bias
condition between the“p diffusion layer and n-well. Under 02 - é;lﬁﬁlecgatfb?g:ec)
these conditions, holes are emitted from thHediffusion layer {(+1pA/ecm2, 200 sec)
into the n-well and are accelerated toward the gate oxide. A 0 ! ! 1 1 ! L !
fraction of these holes obtains sufficient energy to overcome 4 3 2 1 0 1 > 3 4
the energy barrier of the gate oxide. The energetic holes were
injected from the n-well into the gate oxide at a relatively low Gate VOltage (V)

oxide field 3.9 MV/cm). A high voltage {ven = 16.5 V) Fig. 4. High-frequencyC'—V curves for the samples before and after
was applied to the n-well to have a reasonable hole injectistibstrate hot-hole injection and then after biasing the gate under the positive
current, which was measured from the gate contact. Thenegative gate polarity.
number of holes emitted into the gate oxide was counted
by integrating the gate current. The dependence of the gat& o2 a/cn?) for 50 s by adjusting the applied gate bias.
current on the gate area of p-channel MOSFET was checkgfle oxide field was about 11 MV/cm.
The gate current density was independent of the gate area
ranging from1.0 x 1076 cm? to 1.0 x 10~* cn?. Hence it
is concluded that holes were injected uniformly over the gate
area. In this study, the p-channel MOSFET’s with a gate area
as large ag.0 x 10~* cn? were used. Fig. 4 shows the capacitance—voltage-{’) curves for the

A schematic drawing of the biasing conditions in theamples before and after substrate hot-hole injection. The
p-channel MOSFET during high-field stress is shown i&@—V curve is shifted toward the negative voltage direc-
Fig. 3. The n-well, source, and drain were grounded and ttien after hole injection. This result is consistent with that
gate electrode was negatively biased. The gate current, causel@ injection into the oxide creates trapped positive charges
by FN electron tunneling, was maintained at a constant val[fel]-[13].

I1l. ELECTRON CAPTURE OF THE OXIDE TRAPS
CREATED BY SUBSTRATE HOT-HOLE INJECTION
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Fig. 6. Charge centroid of electrons captured under positive gate bias
Fig. 5. Gate current density, at a fixed gate voltage as a function of timefollowing hole injection.
for the samples before and after hole injection.

where AV,, is the gate voltage shift in th&,—V, curve and
Following hole injection, the gate was subsequently b‘lévt Is the gate voltage shift in th, — V;, curve. The shifts

ased under positive or negative gate polarity for 200 s Wi(ﬁvg’f1 and AV; were increased with the biasing time even

grounding n-well. During biasing the gate, the gate curref) I.OW oxide fields, such a$2.6 and+7.3 Mv/cm. This _fact.
was maintained at a constant valueya/cm?). This current indicates that electrons can be captured at such low oxide fields

value is selected to be small enough to avoid the Creatiafter hole injection. In Fig. 6, we find that the charge centroids

0 .
of additional traps. The—V curves for the samples aﬁerppthe captured electrons are located near the substrate-SiO

biasing the gate following hole injection are also shown iH\ten‘ace and are almost independent of the biasing time. These

Fig. 4. We can see that theé—V curve is shifted toward the results show that electron trap centers are distributed near the

positive voltage direction under positive gate bias, while thsubstrate—Sl(g')mterface after hole injection and can capture

shift is very small under negative gate bias. The shifting g?ectrons under positive gate bias.

the curve toward the positive voltage direction indicates that
electrons are captured in the oxide. The density of electrohs MECHANISMS FORELECTRON TRANSPORT AND CAPTURE
captured under negative gate bias is much smaller than thaMechanisms of the electron capture in the oxide with
under positive gate bias. The electron capture easily occtrapped positive charges are discussed in this section.
under positive gate bias as compared to negative gate biadzig. 7(a)—(c) illustrates schematic energy band diagrams of the
In order to investigate the electron capture after hole iMOS structure with the 134 oxide after substrate hot-hole
jection, the gate in a p-channel MOSFET was positiveipjection. In these figures, a fraction of holes injected into the
biased with grounding n-well and the gate current densitxide has been trapped and has created positive charge centers,
(Jy) at a fixed gate voltage was measured as a function which are assumed to be distributed near the substratg-SiO
time. The.J,-time plots of the samples before and after holeterface. In Fig. 7(a), the line A represents the energy barrier
injection are shown in Fig. 5. The level of gate current at thaf the fresh oxide at the field strength &6.1 MV/cm. The
average oxide field of+7 MV/cm is almost constant beforearrow 73 indicates an electron tunneling from the conduction
hole injection. On the other hand, the current level after hob&ind of silicon substrate into the conduction band of ;SiO
injection rapidly decays with time and becomes obviousljhe positive charges located near the substrate-8iterface
lower than that before hole injection. This low level of currerinduce a deformation of the energy barrier, as shown by the
exhibits that electron injection and trapping during biasing tHime B. This deformation enhances the tunneling probability
gate produce net negative charges in the oxide. This leads usft@lectrons. The current due to the electron tunnelihgs
claim that the trapped positive charges are neutralized by ihereased by the presence of the positive charges.
electron capture and, in addition, neutral electron trap centersAs shown in Fig. 6, electrons are captured even at low oxide
are generated, which can also capture electrons. fields under positive gate bias and the charge centroid of the
Next, in order to investigate the spatial distribution ofaptured electrons is located near the substratg-Bi@rface.
the captured electrons shown in regard to Figs. 4 and IB,order to explain such characteristics of the electron capture,
the charge centroidc, was measured. Following substrateve suggest that electrons are captured due to tunneling from
hot-hole injection, the gate was positively biased to injetihe silicon substrate into the positive charge centers. Fig. 7(a)
electrons into the gate oxide. Interrupting the biasing, thkustrates three possible tunneling paths of electrons into the
gate current-gate voltagd,—V;) and the drain current-gatestates of the positive charge centers. Process (1) is the electron
voltage (I,—V,) characteristics were measured periodicallyunneling from the conduction band of silicon, process (2) is
The charge centroi@,. of the captured electrons is obtainedunneling out of the interface state generated by hole injection,

from the following equation: and process (3) is tunneling from the top of the valence band
of silicon. These processes are referred as the tunnéling
. = M%X (1) The positive charge centers distributed near the interface could
AV; + [AVg| be neutralized due to the tunneling and capture of electrons.
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Si substrate SiO, Gate electrode Si substrate SiO; Gate electrode

Eox=+5.1 MV/cm Eox =+5.1 MV/ecm

@ (b)

Si substrate SiO» Gate electrode

Eox=-5.1 MV/cm

+ Positive charge center
— Neutral trap center
— Electron captured
by neutral trap center

(©

Fig. 7. Schematic energy-band diagrams of the A3dxide under positive and negative gate biases following substrate hot-hole injection. (a) The band
diagram at the average oxide field /5.1 MV/cm showing the electron tunneling into the conduction band of, Si@d the electron tunneling into the
states of positive charge centers. (b) The neutral trap centers also capture electrons due to the tunneling of electrons from the substratel (tagramba

at the average oxide field 6£5.1 MV/cm. The energy barrier for the electron tunneling from the cathode to the positive charge centers is much higher
and wider under negative gate bias than under positive gate bias.

The captured electrons can be recombined with trappethere J; is the current component due to the electron tun-
holes. This recombination could create different defectseling 7} and J, is the displacement component due to the
namely, neutral electron trap centers [12]. Since the origin efectron capture by both the positive charge and the neutral
the neutral trap centers is the recombination between electr@i$ centers. As described above, the deformation of the energy
and the trapped holes, it is reasonable to assume that f3grier due to the positive charges near the interface enhances
distribution of the neutral trap centers is identical to that Qfg tynneling probability of electrons and increases the current
the positive charge centers. Hence, both the positive Cha@ﬁnponenul. The high level of current observed after hole

ﬁﬁgction in Fig. 5 is due to the increase in the componént

near the interface. Thus, the neutral trap centers also captgn% the appearance of the compondat

electrons due to the tunneling of electrons from the silicon L . .
After a number of electrons are injected into the oxide,

substrate, as illustrated in Fig. 7(b). ) o
The gate current density, at a fixed gate voltage underthe net .n.egatlve charges appear due to the neutralization of
the positive gate polarity is given by the positive charge centers and the electron capture by the
neutral trap centers. After the filling of a large part of these
Jy=J1+ Js (2) trap centers, the current componeft due to the electron
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Fig. 8. Variation of the gate voltage as a function of stressing time during -4 3 =2 -1 0 1 2 3 4

high-field FN stress.

Gate voltage (V)
tunneling 75 is substantially reduced, and the oxide barrier _ '
is deformed by the net negative charges, as shown by ﬁi 9. High-frequencyC—V' curves for the samples before and after
) . . , . ._high-field stress under the negative gate polarity and then after biasing the
I|ne C N F|g 7(b) Th|S defOI’matIOI’] redUCGS the tunne“n&te under the positive or negative gate p0|arity_
probabilities of electrons. Therefore, as pointed out in Fig. 5,

the current level after hole injection rapidly decays with time

and becomes lower than that before hole injection. (:EJ 10° —

As can be seen from Fig. 7(c), the energy barrier for the + nita .
electron tunneling from thg caEtk)lode to thgypositive charge 3 © -0.02 Alom?, 50 sec (131 A)
centers is much higher and wider under negative gate bias = +7.0MV/em
than under positive gate bias. This large energy barrier results > 107k
in a small tunneling probability of electrons. Therefore the @
density of electrons captured under negative gate bias is much 3 GrHrr AR b b
smaller than that under positive gate bias, as described with = oo,
regard to Fig. 4. g 1oel— ,°°?°°?°?°°?oo?oopoqooqooooo

3 0 100 200 300
V. ELECTRON CAPTURE OF THE OXIDE Time (sec)

TRAPS CREATED BY HIGH-FIELD STRESS

. . ._Fig. 10. Gate current density, at a fixed gate voltage as a function of time
Electron capture of the oxide traps created by h'Qh'ﬁeFQr the samples before and after high-field stress.

stress is studied in this section. For high-field stressing under

the negative gate polarity, the gate was negatively biased, as . . .
shown in Fig. 2. The FN tunneling current across the gawder positive gate bias. This result shows that electrons were

oxide was maintained at0.02 Alcn? by adjusting the applied caPturéd in the oxide. On the other hand, only a small shift
gate bias. In this article, since we focus on the initial stage iward the negative voltage direction is observed under nega-
the oxide degradation, the charge fluence was selected totlgg_ gate bias. This shift m_dlcat_es that a fraction of electrons,
—1.0 C/cn?. The variation of the gate voltagAV, during which may _be trapped during h|gh-f|g|d stress, was detrapped
the high-field FN stress is shown in Fig. 8. The valuedf, from the oxide. Electron capture easily occurs under positive
was first decreased with time. This decrease is due to positf&€ bias following the negative high-field stress, while it is
charge accumulation. After a while\V, was turned to the NOt the dominant phenomenon under negative gate bias.
increase due to electron capture in the oxide. At the chargdn order to investigate the electron capture under positive
fluence of —1.0 Clen?, AV, was still negative, that is, the 9ate bias following the negative high-field stress, the gate
positive charges were dominant in the oxide. current density./,) at a positive gate voltage was measured as
Fig. 9 shows the high-frequeney—V curves for the sam- @ function of time. TheJ,-time plots of the samples before and
ples before and after the high-field stress under the negatféer the negative high-field stress are shown in Fig. 10. The
gate polarity. We can see the shifting 6f—V curve in gate current level at the average oxide fieldtaf MV/icm is a
the negative voltage direction after the negative high-fieRpnstant before the negative high-field stress, while the current
stress, which is due to positive charge accumulation in thevel after the stress rapidly decays with time and becomes
oxide. Following the negative high-field stress, the gate wégwver than that before the stress. The low level of current
positively or negatively biased for 200 s. During biasingxhibits that electrons were captured and net negative charges
the gate, the gate current was maintained at a small valuere produced in the oxide. The charge centrgidof the
(1 Alcm?) to avoid the creation of additional traps. Ttie-V  electrons captured under positive gate bias after the negative
curves for the samples after biasing the gate under the positivgh-field stress was shown in Fig. 11. The charge centroids
or negative gate polarity are also shown in Fig. 9. TheV  are located near the substrate-Si@terface and are almost
curve is obviously shifted toward the positive voltage directioimdependent of the biasing time.
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130 (e of positive charge centers during the high-field stress is due
i 0.02 Alen? to hole injection and trapping.
< 100 |- 50 sec -
~ - s VI. CONCLUSIONS
'; - - The characteristics of electron capture after hot-hole injec-
g sol +7.3MV/cm +2.6 MV/em 7 tion into a 131A oxide have been studied, which have been
8 - - compared with those after high-field FN stress.
B { i After hole injection from the silicon substrate into the
ol } §. X% %} LX“““— oxide, positive charges are accumulated and electron capture
01 1 10 100 1000 10000 subsequeqtly occurs even at low oxide fields under the positive
Time (se0) gate polarity. After a number of electrons are captured, net

negative charges appear. The charge centroid of the captured

Fig. 11. Charge centroid of electrons captured under positive gate bekectrons is located near the substrate-Siferface. The low-

following high-field FN stress. field electron capture is due to the electron tunneling from
the substrate into the positive charge and neutral trap centers
created near the interface.

The characteristics of the electron capture after the negativeAfter high-field FN stress under the negative gate polarity,
high-field stress shown in this section can be explained pysitive charges are accumulated in the oxide. In addition,
using Figs. 1 and 7(a)—(c). As is described in regard to Fig. dlectrons can be captured by positive charge and neutral trap
electrons injected into the conduction band of Si@ving centers which are created near the substrate-Si@&rface.
to FN tunneling will arrive at the anode (silicon substratéJhe characteristics of the electron capture can be explained
and will produce electron-hole pairs via the interband impaoh the basis of the model describing that hole injection and
ionization mechanism [1], [2], [7]. The holes generated wittrapping are the dominant causes for the generation of positive
enough energy in the anode will be emitted into the valenclarge centers during high-field FN stress.
band of SiQ. A small fraction of these holes will be trapped

and will create positive charge centers, which are assumed to ACKNOWLEDGMENT
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