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Abstract- Interface characterization is fundamental to the
understanding of device reliability as well as the gate oxide
process monitoring, in particular for the development of an
efficient tool for analyzing the hot carrier reliability of
state-of-the-art CMOS devices. This paper will give an
overview of more advanced charge pumping technique for
extending the reliability characterization of ultra-thin gate
oxide CMOS in the direct tunneling regime which
conventional CV measurement can not meet. This talk will
address the basics of charge pumping (CP) method, an
advanced technique called IFCP(Incremental Frequency CP),
and the applications to the device interface characterization as
well as CMOS reliabilities. Its potential use for the device
reliability study, such as hot-carrier, NBTI, and oxide process
quality monitoring for the advanced CMOS technology will
be presented. More recent developments for sub-100nm
strained-silicon CMOS device applications will also be
demonstrated.

1. Introduction

As indicated from the SIA roadmap, scaling of
sub-l00nm device in 2005 used a tox in the range 10-15 A. As
gate oxide reduces to the direct tunneling regime, the leakage
current through the gate oxide will induce measurement error.
Therefore, reliability measurement limitation becomes a
critical issue for the gate oxide as thin as 20A-30 A and
below. The characterization of interface traps (Nit) and oxide
trapped charges (Qot) at the oxide interface can provide
sufficient information for designing reliable CMOS devices.

On the other hand, it is also well known that two
pronounced effects occur as a result of the gate oxide scaling
below 20A-30 A, i.e., direct tunneling gate leakage and the
quantum mechanical effect [1-2]. This makes the device
characterization more difficult. Although conventional CV
method [3] has been used for almost over 4 decades, it
requires a large area capacitor for the measurement and has
faced difficulties when gate leakage current exists. In recent
years, several other gate oxide reliability analysis techniques,
such as CP (Charge- Pumping) [4-5], GD (Gated-Diode) [6]
etc. have been elaborated for such a purpose. Until recently,
the CP method on a thin gate oxide measurement has aroused
much interest [7-8]. Basically, the above methods can all be
employed to determine the interface traps in a CMOS device.
However, for ultra-thin gate oxide below 20 A, the
aforementioned methods are limited by the tunneling current

during the measurement.

In this talk, first, an overview of more advanced charge
pumping(CP) technique for the interface characterization of
CMOS reliabilities will be introduced. Its potential use for the
device reliability study, and process monitoring for the
state-of-the-art CMOS technology will be presented. More
recent developments for its applications to the HC reliability
and process characterization will then be demonstrated.

2. Recent Development of CP Technique

Basically, the charge pumping technique is mainly used
for the profiling of Nit and/or Qot along the channel direction
(e.g., spatial distribution)[4,9] such that the device reliability
relating to the generation of these interface or oxide traps
(e.g., the spatial distribution of Nit and Qot) can be determined.
The schematic of a CP method is illustrated in Fig. l(a),
where the source and drain are grounded and by applying a
gate pulse at the gate, the device channel will switch between
accumulation and inversion, such that a recombination
current can be observed from the substrate, called charge
pumping current. If the device is operated under high field
stress, the Nit/Qot will detect more recombination centers and
a larger CP current.

As a result of the gate oxide scaling, an anomalous
leakage current will induce measurement error for ultra-thin
gate oxide applications. Only until recently, the CP method
on a thin gate oxide measurement has been reported [7].
However, this method is in-accurate when tox < 12A. As a
consequence, a so-called IFCP(Incremental Frequency CP)
technique [8] developed by our group, seems to be one of the
most efficient CP approach for measuring ultra-thin gate
oxide reliability.

Fig. 1(a) shows the schematic diagram of the popular CP
setup and the leakage component (IG gate-to-bulk leakage)
occurred in ultra-thin gate oxide. Fig. l(b) shows the normal
(tox>30A) and abnormal (tox<30A) CP curves. It is noted that
when tox<30A, leakage occurs as a result of the tunneling
between the gate and bulk. Fig. 2 shows the measured data
for a set of ultra-thin gate oxide devices, in which a large
current incurred for a very thin (12A) device. In a newly
developed IFCP (Incremental Frequency Charge Pumping)
method, we use the approach by measuring CP currents at
two different frequencies. For example, first, we measure the
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Icp at two different frequencies as in Fig. 3, where f1=2MHz
and f2= MHz, from which we take the difference of Icp for
these two frequencies. This Icp becomes the Icp value at a
new frequency fl- f2 = lMz. Again in Fig. 4, it was shown the
measured CP curves under various frequencies, in which the
measured curves can be multiplied by any factor. For
example, both ICP,1M-500KHz and 5/2*ICP1M-800KHz can be
regarded as the Icp at 500KHz.

3. Process Monitors by the Charge Pumping Method

A. Determination ofthe Effective Channel Length

The following equation is used for the extraction of
interface traps and effective channel length Leff, (Fig. 5) i.e.,

ICP,max fqW(Leff) Nt fqW(L-ALo) Nit (1)

Since lcp, max is proportional to the generated interface
traps, Nit, as source and drain touch with each other, it is
assumed that there is no Nit and lcp, max is zero. Therefore, we
can extract ALO from Fig. 5, where the calculated results of
effective channel length is shown. Note that: (1) For various
gate lengths, the total lateral diffusion length (physical length)
ALo in nMOSFET (pMOSFET) is equal to 0.08um (0.06um),
in this case. (2) This ALOrepresents the case when Icp= 0 or
the lateral length of S/D junction.

B. Gate Oxide Quality Analysis by IFCP Method

To verify the efficacy of the above IFCP method, it has
been applied to evaluate interface traps in RTNO and PRN
treated gate oxides. The devices used in this study were
fabricated by the state-of-the-art IC manufacturing. 12-16A
gate oxides were formed by rapid thermal nitric oxide
(RTNO). From the measured CP data (e.g., Fig. 3), we may
calculate interface traps for various RTNO and PRN treated
gate oxide as shown in Fig. 6. The steeper the slope is, the
poorer is the oxide quality. Results show that: (1) RPN treated
gate oxide cause larger amount of interface traps than RTNO
gate oxide, since the bottom layer of base oxide (RTNO) has
re-oxidation during thermal process, as shown in Fig. 7. (2)
Oxide quality in pMOSFET's is not as good as that in
nMOSFET's, since it generates more interface traps.

4. Applications to the HC and NBTI reliability

In general, the drain current (ID) degradation and/or
threshold voltage (Vt) shift is used as an indicator of the
device reliability. The IFCP method, can be used to
characterize the hot carrier degradation. Its correlation with
the drain current degradation will be presented as follows.

A. Applications to nMOSFETHot Carrier Studies

The spatial distributions of Nit and Qot, can be described
by the following separation method:

1. For a fresh device, the drain current (at VG= 2V) is
measured, curve (1). Again, the device is stressed and its
current, curve(2), is measured, Fig. 8.

2. To identify whether Qot is generated, we monitor the
GIDL current as given in Fig. 9, from which we see a
shift between curve(l) and curve(2) corresponding to a
threshold voltage shift, VT, caused by the Qot. A
neutralization is performed in two-step, in which curve is
moved to curve (3) and then be aligned with the fresh
one, curve(l).

3. Simultaneously, lCP'S are measured as in Fig. 10, the
difference between curve(l) and (3) gives the value of Nit,
while the difference between (2) and (3) gives the value
of Qot.

4. A local VT(X) is calculated, following [4] or [5], and
from Eq. (3) in Table II, calculation of Nit and Qot is
completed.
Results are shown in Fig. 11, drain junction is located at

AL/2= 0.02pm. The comparison between IB,max and VG=VD
stresses are given in Fig. 12, and is consistent with the drain
current degradation in Fig. 13, where VG=VD stress has
larger ID degradation.

B. Applications topMOSFETHot Carrier Studies

In a similar manner, experiments have been performed for
pMOSFET, in which a pulse with high state Vgh keeping fixed
and with a varying pulse low voltage Vgl applied at the gate,
the charge pumping current can be measured as illustrated. To
evaluate the HC reliability, in Fig. 13, we measure the ID
degradation ofnMOSFET device after IGmax (VG= -0.5V, VD=
-2V), IB,max (VG= -1.2V, VD= -2V), and VG= VD (VG VD
-2V) stress conditions, respectively. The maximum ID
degradation is found at VG= VD stress condition. Figs. 13 and
14 show the consistency that VG=VD stress exhibits a largest
ID degradation and larger Nit distribution comparing to those
of IB,max stress. Using the same approach as that in nMOSFET
to separate Nit and Qot, we have the lateral profiling of
interface traps Nit(x) and oxide traps Qot(x), as shown in Figs.
14 for pMOSFET's under VG= VD and IBimax conditions.

C. Applications topMOSFETNBTI Studies

To explore further merit of the present approach, NBTI
induced degradations were studied. There are two different
modes of NBTI. For symmetrical NBTI, a negative bias is
applied at the gate while S/D and substrate are grounded. Fig.
15 shows the profiling results of Nit at 100°C. For
asymmetrical NBTI, VG=VD stress is applied at 100°C. The
measured ID and GIDL currents and the procedures similar to
Fig. 9 should be made. From the results of both Figs. 15 and
16, we can see that Nit is largely enhanced on the drain side,
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which is attributed to a combination ofNBTI and HC effect.

As a conclusion of the observed NBTI effects: (1) the
symmetrical NBTI effect will generate a double hump(Nit) at
the S/D junction region(Fig. 15), (2) Nit is greatly enhanced
for device under asymmetrical NBTI stress, where both HC
and pure NBTI effect can be seen at the drain side(Fig. 16).

5. Applications to Advanced Strained-Si Devices

In more recent years, strained-Si devices have evolved as
a potential candidate for high speed and low power logic
CMOS technologies beyond 65nm. Depending on device
types and structures, these devices exhibit mobility
enhancement with a factor of 50% to 100% over that of bulk
devices. Our observation indicates that there is a trade-off
between device performance and reliability, i.e., a larger
enhancement of mobility may adversely degrade the device
reliability. In terms of the channel engineering using
strained-Si/SiGe, the out-diffusion of Ge as well as the
Si/SiGe induced trap generation is unclear. The IFCP can be
an effective tool to analyze the enhanced degradation effect
generated by the Si/SiGe interface [11].

Nit characterization in that the latter needs a large area
capacitor samples, while IFCP can deal with a device with
small geometry. This IFCP serves many purposes for device
channel determination, hot carrier reliability, NBTI reliability,
as well as oxide quality process monitors. More recent results
on using these methods have been reviewed in this paper.

Depending on the applications, various methods as
aforementioned are demonstrated for the monitoring of
ultra-thin gate oxide quality as well as for the hot carrier
reliability studies. However, efforts still need to be paid for
developing more advanced techniques, e.g., gated-diode
measurement [6], since the tunneling leakage increases
exponentially with the applied gate or drain voltages. In this
case, the difficulty of those developed methods will be
limited by these tunneling leakage as the scaling of gate oxide
continues.

Fig. 17 shows how to identify the two-level CP curves.
Two interface traps(Nit) are located at SiO2/Si and Si/SiGe
interfaces respectively, Fig. l(a). In Fig.l(b), curve (1) is the
contribution from SiO2/Si interface, while curve(2) is
contributed from Si/SiGe interface. Combining (1) and (2), we
have curve (3) which is the so-called two-level CP curves.
Based on the IFCP method that we developed in [8], Fig. 17
shows the CP curves for a strained, curve (2), and the control
sample(bulk device, curve(l)). Obviously, for a strained-Si
device, a two-level CP curve was observed. An abrupt increase
of the current at high gate bias, Vgh>O.lV is the contribution
from the Si/SiGe interface. By employing the technique in [8]
and Fig. 3, S/D lateral diffusion length ALo, and the profile of
generated Nit along the channel can be delineated (Figs. 18
and 19). Similarly, results have been shown for p-MOSFET's
with different Ge composition. To identify the observed
Si/SiGe interface effect, we see that in n-MOSFET: (1) the Ge
effect is more pronounced at the drain junction region and
with Si/SiGe interface generated Nit near the channel center,
and (2) it has a larger generated Nit since n-channel exhibits a
much larger strain.

6. Summary and Conclusion

To summarize, with the scaling of device dimension and
the gate oxide, low leakage interface characterization
technique is essential for the physical understanding of the
mechanism and for evaluating reliabilities of sub-100nm
CMOS devices and beyond. The IFCP method has played a
major breakthrough for ultra-thin gate oxide as this as Inm.
This method is superior to the conventional CV method for
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