
APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 18 1 NOVEMBER 2004
A quantitative study of the relationship between the oxide charge trapping
over the drain extension and the off-state drain leakage current
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In this letter, we report an approach to quantitative study of the relationship between the oxide
charge trapping over the drain extension due to electrical stress and the off-state drain leakage
current. It is found that positive charge trapping over the drain extension leads to a significant
increase in the off-state drain current if the edge direct tunneling(EDT) is dominant in the drain
current but in contrast, it leads to a reduction in the drain current if the band-to-band tunneling in
the Si surface is dominant. A quantitative relationship between the charge trapping and the off-state
drain leakage current in the EDT regime is established. From the measurement of the off-state
current in the EDT regime, the charge trapping can be determined by using the approach developed
in this study. ©2004 American Institute of Physics. [DOI: 10.1063/1.1810211]
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With the continuous scaling down of the gate ox
thickness, gate leakage current becomes significant an
impact on the device and circuit performance.1 As an impor-
tant issue for the shrunk metal-oxide-semiconductor fiel
fect transistors(MOSFETs), the off-state leakage current
critical to the subthreshold leakage in stand-by mode op
tion for a circuit.2 Recent studies show that one of the g
leakage current components, edge direct tunneling(EDT)
current from the gate to the drain extension, dominate
off-state leakage current for the sub-20 Å gate oxide3–5 and
contributes to the circuit power consumption. Reliab
problems can be caused by electrical stress to the ultr
gate dielectrics both over the channel6 and in the edg
region.5 The damage of the gate dielectric due to elect
stress could change the off-state leakage current and
the circuit performance. Therefore, as an important reliab
issue, a quantitative study of the influence of the str
induced oxide charge trapping on the off-state leakage
rent is necessary. In this work, we report an approac
quantitative determination of the influence of the ox
charge trapping over the drain extension caused by elec
stress on the off-state drain leakage current.

The devices used in this study were polycrystal
silicon-gaten-channel MOSFETs with a channel length
0.13mm and a gate width of 10mm. The gate oxide thick
ness was 2 nm. The devices were stressed with a con
drain voltages3.5 Vd while the gate, source, and substr
were grounded. Current–voltagesI –Vd measurements we
carried out before and after each stress. Figure 1(a) shows
the typicalI –V characteristics at the drain voltageVd=1 V.
As can be seen in this figure, under the off-state condi
i.e., Vg,0, the drain leakage currentIoff is almost equal t
the gate leakage currentIg. Based on the gate leakage curr
model3 and the analysis in Ref. 4, it can be concluded
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electrons direct tunneling from the conduction band of thn+

polycrystalline silicon gate to the conduction band of
n-type drain extension, i.e., the EDT current, is the origi
the off-state drain leakage current in this regime. A schem
of the EDT is shown in Fig. 1(b). On the other hand, whe
the gate voltageVg becomes more negativesVg,−1 Vd, the
drain currentId increases with the substrate currentIsub due
to the well-known surface band-to-band tunneling(BTBT)
mechanism.7,8 As shown in Fig. 1(b), for a sufficiently nega
tive Vg, electrons can tunnel from the valence band to
conduction band in the silicon surface region of the d
extension, i.e., the BTBT process occurs.

As both the EDT and the BTBT depend strongly on
oxide electric field, a small change in the oxide field can
to a significant change in the drain current. An electr
stress may cause charge trapping in the gate oxide, an
oxide charge trapping over the drain extension will affec
EDT and the BTBT as the oxide field in this region
changed due to the charge trapping. This has been confi
in our measurement. Figure 1(c) shows the drain leaka
currentsIoffd before and after the electrical stress of 300
can be seen that after the electrical stress,Ioff governed b
the EDT is increased while that governed by the BTB
reduced. The increase of the EDT current is attributed t
increase of oxide electric field, while the decrease of
BTBT current is due to the reduction of the silicon surf
electric field in the drain extension. As shown in Fig. 1(b), a
positive charge trapping in the oxide near the Si/SiO2 inter-
face over the drain extension can increase the oxide el
field but reduce the silicon surface electric field. Theref
the stress-induced positive charge trapping explains thIoff
change in both EDT and BTBT regimes. Obviously, the
crease in the EDT current is detrimental as it leads t
increase in the off-state power consumption.

As mentioned earlier, the oxide charge trapping ove

drain extension will lead to a change in the oxide field and
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thus a change in the EDT. The corresponding oxide vo
change can be described byDVox=Qox/Cox, whereQox is the
oxide charge trapping over the drain extension defined a
equivalent areal density at the Si/SiO2 interface, andCox is
the oxide capacitance per unite area. Based on the gat
neling current model in Ref. 9 and taking into account
charge trapping, the gate tunneling current(i.e., the EDT) is
found to be given by

Ig = A8 exp520

fb

SuVox0u +
Qox

Cox
D0.6

fb
0.6 31 −

SuVox0u +
Qox

Cox
D

fb
46

3exp5− BToxH1 −F1 −SuVox0u +
Qox

Cox
D/fbG1.5J

SuVox0u +
Qox

Cox
D 6,

s1d
3

FIG. 1. (a) Typical I –V characteristics fornMOSFET before electrica
stress;(b) energy band diagram in the drain extension before and
positive charge trapping and the illumination of the EDT and BTBT; an(c)
drain current change in the EDT and BTBT regimes after a 300 s elec
stress.
where A8=AeffAVgN/«oxTox, A=q /8phfb, and B
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=8pÎ2moxfb
1.5/3hq. Vox0 is the externally applied gate oxi

voltage,4 N is the carrier density,Vg is the potential differ
ence between the gate and drain,Aeff is the area of the dra
extension, Tox is gate oxide thickness,«ox=3.9«0 s«0

=8.854310−14 F/cmd is the dielectric constant of SiO2,
mox=0.4m0 is the carrier effective mass,9 qfb=3.1 V is the
oxide barrier height,9 q is electronic charge, andh is the
Planck constant. If the off-state current is dominated by
EDT, the drain currentIoff = Ig. In the following discussion
all are limited to this case, i.e., the off-state drain curren
the EDT regimeIoff = Ig. The off-state drain current calc
lated with Eq.(1) versus the charge trapping is shown in F
2, and the calculation is also compared with the mea
ment result as shown in the figure.

Usually, uVox0u@ uDVoxu= uQox/Coxu. Therefore, Eq.(1)
can be approximately written as

lnsIoff/Ioff0d = aQox + bQox
2 , s2d

where Ioff0 is the off-state drain current before electr
stress(i.e., Qox=0),

a =
20uVox0u0.6

fb
2.6Cox

F0.6sfb − uVox0ud
uVox0u

− 1G −
BTox

fb
1.5uVox0uCox

3F1.5sfb − uVox0ud0.5−
fb

1.5

uVox0u
+

sfb − uVox0ud1.5

uVox0u
G ,

b = −
10

fb
2.6uVox0u0.4Cox

2 S0.96 + 0.24
fb

uVox0u
D

+
BTox

fb
1.5uVox0u1.5Cox

2 F0.375S uVox0u
fb − uVox0u

D0.5

+ 1.5Sfb − uVox0u
uVox0u

D0.5

−
fb

1.5− sfb − uVox0ud1.5

uVox0u1.5 G .

Therefore, from the measurement of the off-state drain
rent in the EDT regime, one can obtain the oxide ch
trapping from Eq.(2).

To determine theQox, one can measure the off-st
drain leakage currentIoff−msid in the EDT regime at differen

l

FIG. 2. Off-state drain current as a function of charge trapping. A li
relationship between the current and the charge trapping is observed f
charge trapping. The calculation shown in the inset indicates that a non
relationship appears whenQox. ,231012 cm−2.
oxide voltageVox0sid ( i =1,2,3, . . .n, wheren is the number
icense or copyright, see http://apl.aip.org/apl/copyright.jsp
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of the data points) before and after electrical stress and t
fit the measurement data by minimizing the error func
below

FsQoxd = o
i=1

n FlnS Ioff-msid
Ioff0-msid

D − lnS Ioff-calsid
Ioff0-calsid

DG2

= o
i=1

n FlnS Ioff-msid
Ioff0-msid

D − asidQox − bsidQox
2 G2

, s3d

where Ioff-calsid is the off-state drain current calculated w
Eq. (2). The Qox corresponding to the minimumF can be
found from dF/dQox=0. We have found that the secon
order contribution of theQox [i.e., the term ofbsidQox

2 in Eq.
(3)] is negligible for actual charge trapping. For this case
Qox can be easily calculated with

Qox =Ho
i=1

n

asid lnfIoff-msid/Ioff0-msidgJYo
i=1

n

a2sid. s4d

To check the correctness and accuracy of the above
tions, we have calculated theIoff with Eq. (1) using theQox
values yielded from Eq.(4) and then compared the calc
lated Ioff with the corresponding measurement data.
shown in Fig. 3, the agreement between the calculation
the measurement is excellent.

Figure 4(a) shows the increase in theIoff with stress
time. From the measuredIoff, the oxide charge trapping
calculated with Eq.(4) for different stress time, and the res
is shown in Fig. 4(b). As can be seen in Fig. 4(b), the depen
dence of the charge trapping on the stress timestd follows a
power law, i.e.,Qox~ tn with the exponential factorn=0.25.
Similar power-law behaviors have been reported
literature.7 The exponent of 0.25 suggests that the ch
trapping could be related to diffusion–limited electroche
cal reactions.10,11 On the other hand, after the stress-t
dependence of the charge trapping is obtained, the s

FIG. 3. Comparison between the measurement and the calculation
off-state drain current in the EDT regime.
time dependence of the off-state drain current can be als
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calculated with Eq.(1). The calculated stress-time dep
dence of the increase of theIoff is shown in Fig. 4(a).

In conclusion, we have developed an approach to q
titative study on the influence of the oxide charge trap
over the drain extension caused by electrical stress o
off-state drain leakage current. It is shown that pos
charge trapping over the drain extension leads to a signi
increase in the off-state drain current if the EDT is domin
in the drain current. The quantitative relationship betw
the charge trapping and the off-state drain current in the
regime is obtained. By measuring the off-state drain cu
in the EDT regime and using the formula developed in
work, the charge trapping is determined quantitatively.
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