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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 tunnékigT) 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 Physid®Ol: 10.1063/1.18102]1

With the continuous scaling down of the gate oxideelectrons direct tunneling from the conduction band ofrthe
thickness, gate leakage current becomes significant and hpslycrystalline silicon gate to the conduction band of the
impact on the device and circuit performarfoss an impor-  n-type drain extension, i.e., the EDT current, is the origin of
tant issue for the shrunk metal-oxide-semiconductor field efthe off-state drain leakage current in this regime. A schematic
fect transistoryMOSFETS, the off-state leakage current is of the EDT is shown in Fig. (b). On the other hand, when
critical to the subthreshold leakage in stand-by mode operahe gate voltag&/, becomes more negativ®/;<-1 V), the
tion for a circuit® Recent studies show that one of the gatedrain currently increases with the substrate currégg, due
leakage current components, edge direct tunne{flBDT)  to the well-known surface band-to-band tunneli®JBT)
current from the gate to the drain extension, dominates thenechanisn{:® As shown in Fig. 1b), for a sufficiently nega-
off-state leakage current for the sub-20 A gate oXidand  tive V,, electrons can tunnel from the valence band to the
contributes to the circuit power consumption. Reliability conduction band in the silicon surface region of the drain
problems can be caused by electrical stress to the ultrathigxtension, i.e., the BTBT process occurs.
gate dielectrics both over the charthelnd in the edge As both the EDT and the BTBT depend strongly on the
region® The damage of the gate dielectric due to electricabxide electric field, a small change in the oxide field can lead
stress could change the off-state leakage current and affeg§ a significant change in the drain current. An electrical
the circuit performance. Therefore, as an important reliabilitystress may cause charge trapping in the gate oxide, and the
issue, a quantitative study of the influence of the stresspxide charge trapping over the drain extension will affect the
induced oxide charge trapping on the off-state leakage CUEDT and the BTBT as the oxide field in this region is
rent is necessary. In this work, we report an approach t@hanged due to the charge trapping. This has been confirmed
quantitative determination of the influence of the oxidejy gur measurement. Figure(c) shows the drain leakage
charge trapping over the drain extension caused by electric@lrrent(1 ) before and after the electrical stress of 300 s. It
stress on the off-state drain leakage current. _ can be seen that after the electrical strégs.governed by

_ The devices used in this study were polycrystallineihe EPT js increased while that governed by the BTBT is
silicon-gaten-channel MOSFETs with a channel length of o ced. The increase of the EDT current is attributed to the
0.13um and a gate width of 1@m. The gate oxide thick- j,crease of oxide electric field, while the decrease of the
ness was 2 nm. The devices were stressed with a constagirgT cyrrent is due to the reduction of the silicon surface
drain voltage(3.5 V) while the gate, source, and substrateg e tric field in the drain extension. As shown in Figb)l a
were grounded. Current—voltage-V) measurements were positive charge trapping in the oxide near the Si/Si@er-
carried out before and after each stress. Figus dhows  face over the drain extension can increase the oxide electric
the typicall -V characteristics at the drain voltayg=1 V.  fie|d but reduce the silicon surface electric field. Therefore,
As can be seen in this figure, under the off-state conditionyhe stress-induced positive charge trapping explaind jpe
i.e., Vg<<0, the drain leakage currefy; is almost equal to  change in both EDT and BTBT regimes. Obviously, the in-
the gate leakage currehf Based on the gate leakage currentoregse in the EDT current is detrimental as it leads to an
modef and the analysis in Ref. 4, it can be concluded that,rease in the off-state power consumption.

As mentioned earlier, the oxide charge trapping over the
¥Electronic mail: echentp@ntu.edu.sg drain extension will lead to a change in the oxide field and
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+ \ FIG. 2. Off-state drain current as a function of charge trapping. A linear
Ev I \. BTBT relationship between the current and the charge trapping is observed for low
'\ Ec charge trapping. The calculation shown in the inset indicates that a nonlinear
A relationship appears whe@,, > ~2 X 102 cm™.
By
n-Poly - =8\ 2mo 51300, Voyo i the externally applied gate oxid
extension =8m\2Mu b, g Voxo IS the externally applied gate oxide

voltage‘,l N is the carrier densityy, is the potential differ-
ence between the gate and draigy is the area of the drain
extension, T,, is gate oxide thicknessgy,=3.%, (&g

© =8.854x 10 F/cm) is the dielectric constant of SiD
mey=0.4my is the carrier effective ma§sq¢b:3.1 V is the
oxide barrier heigh?,q is electronic charge, ant is the
Planck constant. If the off-state current is dominated by the
EDT, the drain current,z=1,. In the following discussions,
all are limited to this case, i.e., the off-state drain current in
the EDT regimel =14 The off-state drain current calcu-
lated with Eq.(1) versus the charge trapping is shown in Fig.
2, and the calculation is also compared with the measure-
12 1'4 1'6 1'8 2'0 2'2 2'4 26 ment result as shown in the figure.

S 0 Usually, V9X0|>|AVOX_|:|QOX/COX|. Therefore, Eq.(1)

can be approximately written as

-— Before positive charge trapping (Qox = 0)
---- After positive charge trapping (Qox> 0)
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FIG. 1. (a) Typical 1-V characteristics fonMOSFET before electrical

stress;(b) energy band diagram in the drain extension before and after  IN(l 4/l of10) = AQpx + ngX, (2
positive charge trapping and the illumination of the EDT and BTBT; @nd . . .
drain current change in the EDT and BTBT regimes after a 300 s electricawvhere | oo is the off-state drain current before electrical

stress. stress(i.e., Qpy=0),
0.6 _
thus a change in the EDT. The corresponding oxide voltagg = 20':/:3’*0' {0'6(% Vord) _ 1} - ISBTOX
change can be described hy/,,=Q,y/ Cox WhereQ,, is the b Cox Voxal ®Voxol Cox
oxide charge trapping over the drain extension defined as the A5 (dy= Vo) +®
equivalent areal density at the Si/Siterface, andC,, is X | 1.5( ¢y = [Vipyg) 05 = 2 4 ~2 200 ,
the oxide capacitance per unite area. Based on the gate tun- [Voxol Voxol
neling current model in Ref. 9 and taking into account the
charge trapping, the gate tunneling currérg., the EDT) is b 10 (0 964 0.2 oy >
i =————->510.96+0.
found to be given by ¢§'6|Voxo|o'4cﬁx Vord
0.6 BT \V/ 0.5
(|Vox0| + %) <Vox0| + %) + 15—012 0.37 M
I =A exp 20 Cox 1- Cox #5Voxd ISCox éb = [Voxdl
9 0.6
d)b b ¢b 3 +1 5<¢b B |Vox0| )0'5_ ¢%'5_ (¢b B Vox0|)1'5:|
15 : 15 '
- BTox{ 1- {1 - <|Vox0| + %>/¢b} } |Vox0| |Vox0|
xex Cox | Therefore, from the measurement of the off-state drain cur-
(|V |+Q_ox> rent in the EDT regime, one can obtain the oxide charge
0T Coy ) trapping from Eq(2).
1) To determine theQ,,, one can measure the off-state

drain leakage currentg_(i) in the EDT regime at different

where  A'=AAVN/enTow A=0>/8mhey, and B oxide voltageVy,g(i) (i=1,2,3,..n, wheren is the number
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FIG. 3. Comparison between the measurement and the calculation of the

off-state drain current in the EDT regime. 0 500 1000 1500 2000 2500
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of the data pointsbefore and after electrical stress and thenFIG. 4. (a) Stress-time dependence of the increase in the off-state drain
fit the measurement data by minimizing the error functioncurrent in the EDT regime; anth) stress-time dependence of the charge

below trapping. The off-state current was measure¥f@t—-0.5 V,Vy=1V, and
Vs=Vg,=0 V.
n . .
F(Q ):E [h’]( Ioﬁ—m(') ) _ n( Ioff—cal(') )]2 ] )
Rt lofo-m(i) lotio-cal) calculated with Eq.(1). The calculated stress-time depen-

) dence of the increase of thg; is shown in Fig. 4a).

I ofr-mi ) , 2 In conclusion, we have developed an approach to quan-
> [|n<—| o m((i))) —a(i)Qox - b(l)ng} (3 titative study on the influence of the oxide charge trapping
=t offo-m over the drain extension caused by electrical stress on the
where | o.c4(i) is the off-state drain current calculated with Off-state drain leakage current. It is shown that positive
Eq. (2). The Qo corresponding to the minimur can be charge trapping over the drain extension leads to a significant
found from dF/dQ,,=0. We have found that the second- increase in the off-state drain current if the EDT is dominant
order contribution of th&,, [i.e., the term ob(i)Q%, in Eq. N the drain current. The quantitative relationship between

(3)] is negligible for actual charge trapping. For this case, thén€ charge trapping and the off-state drain current in the EDT
Qo Can be easily calculated with regime is obtained. By measuring the off-state drain current

in the EDT regime and using the formula developed in this
work, the charge trapping is determined quantitatively.
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