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Abstract 

The mechanisms and transient characteristics of hot hole 
stress and FN stress induced excess leakage currents in tunnel 
oxides are investigated. Hot hole SILC is found to have a more 
pronounced transient effect. The transient is attributed to 
positive oxide charge detrapping and thus annihilation of 
positive charge-assisted tunneling current. The positive charge 
assisted tunneling current can be annealed by substrate hot 
electron injection. The DC and transient components in FN 
SILC are also discussed. 

Introduction 

High field stressing during prograderase cycles in flash 
EEPROM operation can lead to a significant increase in low- 
level leakage current in tunnel oxides. Stress induced leakage 
current (SILC) has received a lot of attention recently because of 
its important significance to the data retention and endurance 
characteristics of a flash memory cell [l-lo]. Several 
mechanisms were proposed for SILC including positive charge- 
assisted tunneling (PCAT) [ 11, neutral trap-assisted tunneling 
[2] and thermally-assisted tunneling at weak spots of the 
SilSiO2 surface due to a barrier height lowering [3]. Despite 
extensive studies on SILC, its physical mechanism still 
remains controversial. DiMaria et a1 concluded from their 
experimental result [8] that positive oxide charge plays no part 
in the SILC conduction mechanism in oxides by FN stress. 
Contrarily, Teramoto et a1 claimed that the excess leakage 
current induced by FN stress is caused by the injected holes 
produced by high energy electrons [9]. Shuto et a1 have further 
shown that hot hole (HH) injection during source-side FN erase 
is the major cause of read-disturb degradation in flash devices 
[lo]. 

In addition, Dumin et a1 found that FN stress induced 
leakage current contains a transient component and a DC 
component [SI. In their work, the transient current is attributed 
to oxide trap charging and discharging and the DC component 
is via neutral trap assisted tunneling. The former can be 
characterized by a llt time-dependence from the tunneling front 
model. A threshold voltage shift of 1.OV resulting from a SILC 
transient component was reported by Kat0 et a1 [6]. Although 
tremendous efforts have been made to investigate the SILC 
transient effects and mechanisms, most of previous research 
was concentrated on SILC by channel FN stress. In this work, 
we intend to explore the SILC transient behavior by HH stress. 
The role of positive oxide charge in FN SILC and HH SILC will 
be investigated. 

To measure FN and HH SILCs directly, a n-MOSFET with a 
long drain edge was specially fabricated. The test device has a 
gate length of 0.6pm and a total gate area of 9~10-~cm ' .  The 
oxide thickness (tox) is about 1Onm. The measured FN SILC and 
HH SILC are shown in Fig. 1. The channel FN stress is at V,,=- 
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11V for 3000 second and the drain avalanche HH stress is 
performed at VgS=-0.5V and vd,=7v for 300 seconds. The created 
oxide trapped charge Q,, in the two stressed devices is 
monitored by using a threshold voltage method and a GIDL 
current method [ 111 respectively. The reason of measuring GIDL 
shift for the HH stressed device is that threshold voltage in a n- 
MOSFET is not sensitive to localized positive oxide charge. 
Fig. 2 shows the Id-Vgs curves before and after HH stress. After 
the stress, GIDL current shifts to the left and threshold voltage 
is nearly unchanged. In Fig. 1, the HH SILC appears to have a 
more pronounced transient effect. Its transient current is about 
an order of magnitude larger than that of the FN SILC. The 
shaded areas denoted by Q,(FN) and Q,(HH) represent an integral 
of the SILC transients in a measurement period from 0.1 second 
to 300 seconds. In other words, QJFN) and Qg(HH) are total 
charge flowing to the gate carried by the transient component of 
the SILC's. The measured Q,, and Q g  in the two devices are 
compared in Table 1 [12]. It is interesting to note that Q,(FN> is 
less than Q,,(FN) while Q,(HH) is about twenty times larger 
than Q,(HH). The result Q,(FN)<Q,(FN) is understood because 
the FN SILC transient is caused by oxide charge detrapping. 
Thus, Q,(FN) should not exceed the total charge stored in the 
oxide. On the other side, the result Q,(HH)>>Q,,(HH) implies 
that the HH SILC should contain another leakage component in 
addition to oxide charge trapping/detrapping. Our statement is 
also supported by the work of Teramoto 191. 
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Fig. 1 HH stress and FN stress induced leakage current transients 
at a measurement field of 6MV/cm. The shaded areas Q,(FN) and 
Qg(HH) represent total charge flowing to the gate carried by the 
transient component of the SILC's in the measurement period. 
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Fig. 4 Illustration of SILC transient mechanisms at a positive 
measurement field. (a) a FIN stressed device and (b) a HH 
stressed device. 

Fig. 2 Normalized Id-Vgs curves before and after HH stress. After 
stress, GIDL current shifts to the left and v t h  is unchanged. 

Moreover* we Plot the FN and HH transients On a log- 
log scale in Fig. 3. Both the transients follow a straight line, or a 
power law time-dependence. However, a slight difference in the 
slope of the two transients is observed. The FN SILC has a slope 
about -0.9. The HH SILC in Fig. 3 was measured carefully and for 
three decades of time. The slope significantly deviates from the 
theoretical value of -1 [51. The difference in the two slopes gives 

an evidence that the FN SILC and HH SILC should have a different 
transient mechanism. 

HH Stress Induced Leakage Current 

Fig. 4 illustrates the SILC transient mechanisms in the 
two stressed devices. In the FN strezised device (Fig.4(a)), the 
SILC transient is assumed to be dominated by negative oxide 

Table 1 Measured Qg and Qox in HH stressed and FN stressed n- 
MOSFEiTs. Qg is normalized to a total stressed gate area. The 
width of the HH stress region in the channel is assumed to be 
0.2pm. e denotes an elementary charge (1 .6x10-I9C). 
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Fig. 3 FN and HH SILC transients are plotted on a log(Z)-Zog(r) 
scale. 

charge detrapping. Here, we would like to remark that positive 
oxide charge creation, in fact, is expected during FN stress. 
However, the role of positive oxide charge in FN SILC is not 
certain, depending on factors such as oxide thickness, stress 
time, stress field and measurement polarity [13]. The HH SILC 
transient consists of two major components (Fig. 4(b)). One is 
positive oxide charge detrapping current (Ih) and the other is 
positive oxide charge assisted electron tunneling current (Icat). 
For Q,(HH)>>Q,,(HH), the HH SILC is dictated by Icat. The 
transient behavior of Icat arises from that the positive oxide 
charges, which help electrons to tunnel through the oxide, can 
themselves escape to the Si substrate via tunneling in 
measurement. An analytical model relating the time-dependence 
of Icat to positive oxide charge tunnel detrapping is derived in 
[12]. It can be shown that both Icat and Ih obey a power law 
time-dependence as follows, 

where ah=4n(2mhEt)"2/h, Nh represents an average oxide 
charge volumetric concentration, r in Eq. (1) denotes the 
Gamma function, Toe and Zoh are electron and hole tunneling 
characteristic times [ 141, 460 and Et are effective tunneling 
barrier heights for electrons and holes respectively, and other 
variables have their usual definitions. Similarly, the 
expression for Ih is given below, 

(3) 

where A is the area of the HH stress region. 
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The extracted slope of the HH SILC in Fig. 3 is about 
-0.7. Although it is difficult to compare our model with the 
measured result directly due to uncertainties in the parameters in 
Eq. (2), it is a general trend in literature to have mh2m, 
[15,18,19] and Et2q$o [17,16]. Thus, the power factor p in Eq. 
(2) should be smaller than 1, which is in agreement with the 
measurement result. 

Note that k a t  is an electron tunneling current, which flows 
from the gate to the source or the drain at a positive 
measurement gate bias. As a contrast, Ih is a hole tunneling 
current, flowing to the substrate. In Fig. 5 ,  we draw Ig and Isub 
(substrate current) before and after HH stress. The pre-stress h u b  
is negligible until Vgs is above 8V, where the origins of Isub 
have been identified 1201. After HH stress, a remarkable Isub 
exists even at a small gate bias. The appearance of Isub results 
from the discharging of the stress created hole traps near the 
substrate and provides a direct evidence that positive oxide 
charge plays an important role in the HH SILC. 

The field-dependence of the HH SILC transient is 
investigated in Fig. 6. The gate bias increases from 4.3V to 
6.3V with an increment of 0.5V each line. From the results in 
Figs. 5 and 6, the HH SILC shows a relatively weak field 
dependence in the low field region (Vgsc5V) and has a stronger 
field dependence in the medium field region. 
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Fig. 5 Gate current and substrate current versus measurement 
gate bias before and after HH stress. 
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Fig. 6 Dependence of a HH SILC transient on measurement gate 
bias. Vg, increases from 4.3V to 6.3V with an increment of 
0.5V each line. 

FN Stress Induced Leakage Current 

In Fig. 7, the time-dependence of FN SILC at different stress 
times is shown. The stress bias is Vg,=+9.5V. The measurement 
oxide field is about +6MV/cm, the same as in Fig. 1. The oxide 
field is estimated from (Vg-Vfb)/tox, where Vfb is the flat-band 
voltage. As compared to the -FN SILC in Fig. 3, the +FN SILC 
apparently has a larger DC component while its transient 
component is smaller. In Fig. 8, we replot the +FN transient 
component and the DC component versus stress time 
separately. The transient current is obtained from the total 
current measured at k0.2 seconds subtracted by the steady-state 
current. While the transient component increases 
monotonically with stress time, the DC component shows a 
turn-around feature; i.e. the DC current first increases with 
stress time and then decreases with it. The corresponding 
stressing gate current versus stress time is shown in Fig. 9. 
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Fig. 7 FN SILC measured at stress times of 2x10' sec., 2x102 
sec., 2x103 sec., and lx104 sec. 
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Fig. 8 Evolution of DC and transient components of a +FN 
SILC with stress time. 

A strong similarity in the stress time dependence in Figs. 8 and 
9 is obtained. The tum-around characteristic of the FN stress 
gate current has been realized due to positive oxide charge 
creation in an early stage of stress. Thus, we strongly believe 
that the DC component of the +FN SILC is contributed, to some 

407 



extent, by the PCAT current. A similar turn-around feature in 
SILC was also reported by Moazzami [21]. 

Positive Oxide Charge Annealing 
Another evidence for the existence of PCAT in the +FN 

SILC is that the DC component can be significantly reduced by 
annealing the positive oxide charges. Here, substrate hot 
electron (SHE) injection at Vg,=2.5V and V,,b=-7V is utilized 
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Fig.9 Stressing gate current versus stress time under constant 
voltage stress at V,, = 9.5V. Hole-trap generation is dominant 
at an early stage of stress. 

to neutralize the PCAT centers. Since the substrate injection 
current is relatively large ( 2 ~ 1 0 - ~ A / c m ~ ) ,  positive oxide charge 
neutralization is achieved via recombination or compensation by 
the injected electrons. The substrate filling effect on the +FN 
SILC is shown in Fig. 10. After the filling, the transient 
component of the SILC increases because more electrons are 
stored in the oxide. On the contrary, the DC component declines 
for the reduction of the PCAT centers. It should be mentioned that 
the oxide leakage current after the filling is still above the current 
level in a fresh device. The excess leakage current is possibly due 
to neutral trap assisted tunneling. Also shown in Fig. 10 is a +FN 
SILC in a 4nm oxide. No transient effect in SILC [21] is observed 
and the SHE filling effect is negligible. 
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Fig. 10 SHE filling effect on +FN SILCs in a IOnm oxide and in a 
4nm oxide. 

The SHE filling effect on the HH SILC is shown in Fig. 11. 
The HH SILC is greatly reduced by the filling. Its steady-state 
level is below 1pA after the filling. After subsequent HH stress, 
the large transient reappears. The HH stress/SHE filling cycle 
repeats two times. No noticeable difference is observed between 
the two cycles, which suggests that the SHE filling itself does not 
introduce additional stress effects. 

Conclusion 
In a relatively thick oxide (lOnm), no matter by FN stress 

or HH stress, the SILC is dominated by a transient component. 
The FN and HH SILC transients are found to have a different time- 
dependence. The responsible mechanisms are identified. Our 
study shows that PCAT is a dominant mechanism in a HH SILC 
and in the DC component of a +FN SILC. In an ultra-thin oxide 
(4nm), the SILC mechanism is trap-assisted tunneling and no 
appreciable transient effect is observed. By using a positive 
oxide charge neutralization technique, the PCAT current can be 
greatly reduced. 
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Fig. 11 SHE filling effect on HH SILC. tOx = 10nm. 
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