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Abstract

As device scaling continues, the sub-100nm CMOS
device needs a t in the range of 10-15A and with
75nm gate length in 2005, as predicted from the SIA
roadmap. How to monitor oxide quality for ultra-thin
gate oxide is crucia for the next generation CMOS
technology, in particular the monitoring of interface
traps (N;;) and oxide trapped charges (Q.) in the gate
oxide. So far, various gate oxide reliability diagnostic
tools, such as DCIV, GD(Gated-Diode),
CP(Charge-Pumping) etc. have been employed for
such a purpose. For ultra-thin gate oxide of 20A and
beyond, the above methods are limited by the
tunneling leakage through the gate oxide during the
measurement since direct tunneling exists.

This project has been focused on developing new
techniques for the measurement of ultra-thin gate
oxide sub-100nm CMOS devicess We have
successfully developed two methods, a new charge
pumping method and an improved gated-diode
measurement technique.

This first approach is called Incremental Frequency
Charge Pumping (IFCP) method. It has been
implemented for determining the interface traps in
ultra-short gate length CMOS devices with ultra-thin
gate oxide in the direct tunneling regime, 12-16A
gate oxide. The leakage current in the gate oxide can
be removed from the measured CP current, which
enables accurate determination of the interface traps.
This method has been demonstrated successfully for
various RTNO grown and RPN treated oxide CMOS
devices with very thin gate oxide. Moreover, it can
be used as a good monitor of ultra-thin gate oxide
process.

The second approach is called Low gate Leakage
Gate-Diode (L*-GD) method, in which the distri-
bution of interface traps along the channel, can be
easily obtained from this L2-GD method. This method
has been demonstrated successfully for the ultra-thin
(10-20A) gate oxide device. Also, by using this new
technique, the localized oxide damage due to NBTI
stress effect can be identified simply from the
measured drain currents. Therefore, both types of
approaches, IFCP and L%-GD techniques are well



suited for the characterization of CMOS reliabilities,
and in particular for the sub-100nm CMOS devices
with gate oxide in the range 10-20A.

Keywords: ultra-thin gate oxide, quantum tunneling
effect, gate leakage current, oxide interface traps,
oxide traps, nano-CMOS device technology, NBTI,
charge pumping technique, Gated-diode method.

CMOSs
(scaling) ITRS (SIA) Roadmap
2005
75nm
10~15A

(gate leakage tunneling current)
(oxide)scaling

gate leakage current CMOS
high-K
Physical Oxide
EOT [1-3]
k leakage current
[4-5] high-K
SO,
nitridation  SION
CMOS
sub-100nm
channel length 20A
30A SO,
10A  20A
SION
[4-5] SO,
Radical-Nitridation [5] Remote Plasma
Nitrided (RPN) oxide [6] gate

leakage current Boron penetration

ON current NBTI(Negative
Bias Temperature Instability)[7]
Nitrogen Si-SO;
, Interface
trap (Nip) , oxide traps(Qor)
oxide
quality
TDDB, CV, lifetime
Nit Qo profiling
Nitrogen
(mechanism)

performance and reliability

[8-18] Nii Qu 2D

profiling gate
leakage tunneling current
charge pumping(CP)
gated-diode(GD)
tox= 25A  30A
20A
(Quantum-M echani cal
Effect)[19] gate leakage
current CP GD
(gate

leakage tunneling current)

charge pumping current(Substrate current)
gated-diode measured current

(order)

sub-100nm channel length

CMOS
SION CMOS
CP GD
sub-100nm SION
CMOS



SION CMOS

(IFCP, Incremental
Frequency Charge Pumping)[20]

(L>-GD, Low Leakage Gated-

Diode)[21]
1)
"~ Nu Qu profilng
12A
(IFCP)
A. (IFCP)
Fig. 1(a)
(Gate) (Bulk)
lea  Fig. 1(b)
base-level CP Fig.
1(c) (tox>30A) (tox<30 A)
CP tox<30 A |
Fig. 1(d) (IFCP)
CP
(f= 2MHz and

f,= 1IMH2z) lcp Fig. 2

Icp Icp
(f- f,= IMHz) Icp
Tablel CP
CP
CP
Fig. 3 CP

Icp,am-500kHz  5/2* 1Cp,1M-800K Hz

500K Hz Icp
B.
, CP
RTNO RPN
IC
12~16A RTNO
CP Tablel
3@ 3(b) RTNO RPN
Fig.
4
()RTN
RTNO
base oxide(RTNO)
Fig.
5 (2pMOSFET’s
NMOSFET's
IFCP
CMOS
CMOS

(2) Gated-Diode(GD)

GD
GD (>30 )

(L-GD, Low Leakage



Gated- Diode)

GD
0.3V N
(Fig.
6) Fig.7 gated-
diode interface trap
Fig. 8
1)
@)
GD Fig.7
peak drain/bulk
gate-drain
A.L%GD
L>-GD
lemax: Iemax V6= Vb
stress (Fig. 10)
Fig. 11 V= Vp stress
PMOSFET Ip
drain junction peak
V= Vp stress
B.L-GD NBTI [22]

(dual poly-gate CMOS)

PMOS
NBTI
NBTI PMOS
Fig.12 Gated-Diode
125 V=-3.3V PMOS
NBTI
( Fig.11(a)) /
( / Fig.11(b)

(1) NBTI

(Qat) (2
Qot
(3) P
P
NBTI
Fig.13
NBTI-like ( Ve=Vp)
NBTI
Fig. 13(b)
NBTI-like NBTI
Fig. 13
NBTI (
) NBTI
Fig. 13  :(1)NBTI 1
Qot 2 Nit
(2) NBTI
C.
0.1
SisNg
/ /
0.1
sub-100nm channel
length CMOS high-K



SO, nitridation SION
sub-100nm
(0.1 ) CMOS
SION gate dielectric CMOS
VLS
IRPS IEDM [20-22]
0.1 CMOS

[1] K. Yoshikawa, in IEDM Tech. Digest, , pp. 11-14, 2000.

[2] H.-J Choetad.,in|EDM Tech. Digest, , pp. 655-658, 2001.

[3] X.Guoeta.,inIEDM Tech. Digest, ,, pp. 137-140, 1999.

[4] K. Eriguchi et d., in IEDM Tech. Digest,, pp. 323-326,
1999.

(9]

(6]

(8]

(9]

(10

[11]

(12]

(13]

(14]

[15]

(16]

(17]

(18]

(19]

(20]

(21]
[22]

M. Togo et a., in Symposium on VLS Tech., pp. 81-82,
2001.

M. Rodder et d., in IEDM Tech. Digest, , pp. 623-626,
1998.

N. Kimizuka et al., in Symposium on VLS Tech., pp. 73-74,
1999.

S. S. Chung et d., in Tech. Digest of International Electron
Device Meeting (IEDM), pp. 295-298, 1997.

S. S. Chung et d., in Symposium on VLS Tech., pp.
111-112, 1997.

S. S. Chung et al., in Symposium on VLS Tech., pp. 19-20,
1999.

S. S. Chung et a., in Symposium on VLS Tech., pp.
103-104, 1995.

S. S. Chung et al., Proc. of International Reliability Physics
Symposium (IRPS), pp. 249-252, 1999.

S. S. Chung et al., Proc. of International Reliability Physics
Symposium (IRPS), pp. 389-393, 2000.

S. S. Chung et al., Proc. of International Reliability Physics
Symposium (IRPS), pp. 419-424, 2001.

S. S. Chung et a., Proc. of SSDM, pp. 841-843, 1993.

S.-J. Chen et a., Proc. of SSDM, pp. 16-17, 2000.

S. S. Chung et a., IEEE Trans. on Electron Devices, Vol.
ED-46, pp. 1371-1377, 1999.

G. H. Lee et a., IEEE Trans. on Electron Devices, Vol.
ED-43, pp. 898-903, 1996.

C. Choi et a., in Symposium on VLS Tech., pp. 63-64,
1999.

S. S. Chung et d., in Symposium on VLS Tech., pp. 74-75,
2002.

S. S. Chung et a, IEDM Tech . Digest, pp.513-516, 2002.

S. J. Cheng et al, Proc. IRPS, pp. 203-207, 2003.



« Charge Pumping (CP) Setup

Il

1 nll
_h !

q_
—

.||_

elg=1-1,
= Recombination Current
=CP Current (Ip)
o = Gate-Bulk Leakage

* Equation for extraction N,
I(:F’,max =f q WL Nit (a)

« Gate Pulses for the Fixed » FHow Chart of the Low Leakage
Base Level CP Method CP Methodology
increase Vg,
— Start
A, i Fixed Base Level
- fix Ve CP Measurement
(b)
lep Yes| Remove Leakage
| With Leakage Component by
............ chmax . Normal CP Curve New CP Methodology
° g (e.9., tox > 304) No
35 - Abnormal CP Curve
e (Wlth AC leakage) Correct CP Curve
-0 (e.0., to, <20A)
Voo
3 > End
Vo (C) (d)

Fig. 1 (a) Charge pumping (CP) setup and leakage component in CP measurement. (b) Local threshold voltage (V,,) and local flat band
(Vyy) digtribution in relating to low level and high level gate pulse (V4 and V). (c) Normal (without leakage) and abnormal (with leakage)
CP curves. (d) The flow chart of the IFCP technique.
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Fig. 2 Incremental charge pumping (CP) methodology- Fig. 3 Corrected CP curves for the incremental CP technique.
Using with-leakage CP curves, | g and | p,, to obtain a Note that these CP curves have linear relationship between the

correct CP curve, lep = -2

Af =f, -f,, and can be multiplied by an algebraic factor.
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Fig. 6 The schematic diagram of the GD
measurement method. Note that the drain current
I, isthe so called gated-diode current.

Poly-Si Gate

[ P Region | ——

=

2| Regionl | Regionll: Regionlll
s ~
€ 3
@ x -t o
s o @ c
5 o Q ~ 9
3 o c %5

g $o $e
> © o S aao
= ol oo s X
Ol &g 5 o
[a) 50 N,

(b)

Gate Voltage, Vg

Fig. 7 Three peaks of drain current as a measure of
N;. or Q. from GD measurement. (a) Three peak
regions. (b) Three-peak curves.

Fig. 8 AnL2-GD method by raising the drain bias
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to see the first peak of the measured gated-diode

current.
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Fig. 9 AnL2-GD method by raising the drain
bias to see the second and third peaks of the
measured gated-diode currents.
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Fig. 11 Comparison of the measured gated-diode
currents at Vi, = 0.325V for pMOSFET' s after 2000
second | and V=V, stresses.
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Fig. 12 Time dependence of L2-GD curves under NBTI stress (V g=-3.3V, T= 125°C).
(a) Measured results in the channel region. (b) Measured results on the drain-side.
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Fig. 13 Time dependence of L2-GD curves under NBTI-like HC stress (V =V = -2.5V,
T=125°C). (a) Measured results on the source-side. (b) Measured results on the drain-side.
Note that the NBTI and HC induced oxide damage is asymmetrical.



