898

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 43, NO. 6, JUNE 1996

An Efficient Method for Characterizing

Time-Evolutional Interface State and Its Correlation
with the Device Degradation in LDD n-MOSFET’s

Robert Giahn-Horng Lee, Jiunn-Pey Wu, and Steve S. Chung, Senior Member, IEEE

Abstract—A new characterization method is proposed to study
the relationship between the hot-carrier-induced interface state
Nit(z) and the device drain current degradation of submicron
LDD n-MOSFET’s. In this method, by making use of the con-
ventional charge pumping measurement in combination with
the power-law dependence of interface damages on stress time,
the spatial distribution Ni;(z) and the effective damaged length
L4am can be easily extracted. The time evolution of the interface
state generation and its correlation with the device degradation
can then be well explained. It is worthwhile to note that this
newly-developed method requires no repetitive charge pumping
measurements, and hence avoids he likely imposition of re-stress
on tested devices. By combining the characterized Lqa.., and Vi,
quantitatively, the results show that the damage at Vas = Vps/2
is most highly localized among various stress biases, which can
explain why the generated interface states will dominate the
device drain current degradation at this bias after long-term
operating conditions.

NOMENCLATURE

C Proportional constant in the power-law model.

By Lateral surface electric field at the position
where the amount of induced interface states
is ANj¢ 172 (Viem).

Fiat Lateral surface electric field distribution (V/cm).

E, Maximum lateral surface electric field (V/cm).

f Frequency of the applied gate pulse (Hz).

Iy Charge pumping current (A).

Iepmax  The maximum charge pumping current after
stress (A).

Ips Drain current (A).

Laam Effective damaged length of the induced inter-
face state in terms of FWHM (cm).

n(t) Time-dependent power-law factor.

q Magnitude of electronic charge (C).

t Stress time (sec).

Vi, () Local flatband voltage distribution (V).

Ven High level of applied gate pulse string in charge

pumping measurement (V).
Vel Base level of applied gate pulse string in charge
pumping measurement (V).
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Viev Reverse bias applied to source and drain elec-
trodes in charge pumping measurement (V).

Vbs Applied drain-source bias (V).

Vas Applied gate bias (V).

Vr(z) Local threshold voltage distribution (V).

w Effective channel width (cm).

Ao, A\n Mean-free path for electron (hole) (A).

Git,er G, Critical energy that an electron (hole) must have
to create interface states (eV).

Alcp max Increase in the maximum charge pumping cur-
rent after the stress (A).

AN /2 Half of the maximum interface state density
(1/cm?).

ANy Interface state density (1/cm?).

AN,  Maximum interface state density (1/cm?).

]. INTRODUCTION

NE of the key reliability issues imposed by the continued
Oshrinking of MOSFET dimensions is the hot-carrier-
induced oxide damages which result in the device degradations
such as the threshold voltage shift, transconductance reduction,
drain current degradation, etc. These damages are due to
the generation of both trapped charges Q.x in the oxide
and interface states (NN;;) at the Si-SiOy interface [1]-{3].
Moreover, since the probabilities for the injection and creation
depend sharply upon the hot-carrier energy, provided by
the high accelerating electric field to overcome the critical
barrier, the majority of the oxide traps and interface states are
highly localized near the drain junction. This highly localized
character of the hot-carrier injection and the resultant damage
present a considerable challenge to both experimental and
modeling efforts.

One widely used experimental method for quantitatively
characterizing oxide damages in MOSFET’s is the so-called
charge-pumping (CP) technique [4], [5], which can be em-
ployed to investigate the interface properties in MOS devices.
In particular, this technique is capable of providing the infor-
mation of interface traps generated during the injection and
the charges that have been trapped in the gate dielectric, even
for the case of localized injection.

In spite of its excellent characterizing capability, the charge
pumping technique has not yet been satisfactorily combined
with an efficient method to quantitatively establish the re-
lationship between the characterized oxide damages and the
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Fig. 1. Basic experimental set-up for charge pumping measurement.

aforementioned device degradation effect. In the past, most of
the studies are concentrated on the individual study of Ny
characterization [2]-[4] and its correlation with the degra-
dations [5] qualitatively. Only a few [6] are focused on the
correlation between N, damaged region, Lg,n, and drain
current degradation.

In this paper, we will develop a new characterization method
to extract the spatial distribution of interface states using
charge pumping measurement and the time-dependent power
law relationship. Unlike other existing methods by adjusting
the reversed drain bias Vi, this method can directly profile
the highly localized interface states as well as the effective
time-dependent damaged length. For demonstration, this paper
begins with the implementing details of this technique, along
with some illustrative results. Next, this newly-developed
method is applied to LDD n-MOSFET’s stressed at different
biases so as to further investigate the device drain current
degradation under long-term operating conditions.

II. DEVICE FABRICATION AND
CHARGE-PUMPING MEASUREMENT

The LDD n-MOSFET’s used in this work were fabricated
using a poly-Si gate twin-well CMOS process. The tested
samples were 0.72-pm mask gate length (metallurgical junc-
tion was 0.044-um offset from gate edge), 20-um channel
width LDD transistors, 140-A oxide thickness, and 0.15-
pm conventional vapor-deposited sidewall oxide spacer. The
channel was implanted with boron and followed by a diffu-
sion process to adjust the channel to a surface concentration
N4 = 1.5 x 10’7 cm3. After the conventional gate etching
process, implantation with phosphorus dosage of 2 x 103
cm~2 and energy 80 keV was performed in n~ regions.
Then, source and drain were arsenic-implanted with a junction
depth of 0.22 um. The required source/drain and channel
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Fig. 2. Measured Icp versus Vgy, curves before and after various time stress.
The applied gate frequency is 1 MHz.

doping profiles for device simulations were generated using
process simulator—SUPREM IV [7]. They were calibrated
against SRP or SIMS data. In this work, we use PISCES IIB
device simulator to simulate the majority-carrier distribution
to define the effective channel length [8] that contributes to
the measured charge-pumping currents.

The basic setup for charge pumping measurement is shown
schematically in Fig. 1. We use a fixed base level CP mea-
surement, i.e., the gate of an LDD n-MOS device under
test is connected to a pulse generator (HP8110A), and the
source/drain are grounded, while the substrate current is mea-
sured. Note that the drain and source biases are held constant
at zero to avoid the stress on devices during the measurement.
A series of 1-MHz square pulse strings with rising/falling
gradient of 25 ns/V are used in our CP measurements. By
fixing the base level Vg at —3 V, we vary high level voltage
Ven to measure CP currents for fresh and stressed LDD n-
MOSFET’s. Fig. 2 shows the measured I, versus Vg, curves
with both source and drain grounded before and after various
periods of channel-hot-carrier stress at Vpg =7 V and Vgg =6
V for the tested sample. The dashed curve is the measured
charge pumping current for a fresh device while the other solid
curves are those for the device after different time stress. We
can see that the CP currents rise abruptly when the applied high
level gate voltages are larger than the local threshold voltage
Vr(x) [4], [91-[11], as shown in Fig. 1. With the increasing
stress time, more interface states are generated and so are
the CP currents. From this set of experimental data, we may
further find a way to investigate the oxide damages associated
with this hot-carrier-induced stress as described below.

III. A NEwW METHOD TO DETERMINE THE
INTERFACE STATE AND THE DAMAGED REGION

Although the charge pumping technique can be served as a
good tool for characterizing the amount of interface states,
it still has to be equipped with an appropriate method to
enhance the characterizing capability. For this reason, here we
will propose a new method to characterize the interface state
distribution by combining the power-law model and the charge
pumping measurement data. A general power-law formula
for describing the time-dependent interface damages can be
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Fig. 3. Schematic diagram of the new characterization technique. The oxide
damaged region along with the lateral surface electric field, is also shown.

expressed as [12]
Ips \E n(t)
AICP,InaX(t) =C l:tWe_éﬂ/q m:\ ) (1)

In this equation, Alcp max 18 the increase of the maximum CP
current (i.e., a signal of the overall increase of the interface
state density). ¢ is the electron charge. A (A, and Aj, represent
the mean-free paths for electrons and holes, respectively,) is
the mean-free path of the hot carrier. E,, is the maximum
lateral surface electric field. Ips is the device drain current. W
is the gate width. C' is a proportional constant. The power-law
factor n(t) indicates the power-law dependence on the stress
time ¢, and ¢;; is a critical energy that a carrier must have in
order to create interface traps. Let ¢i¢ . and ¢y, 5, be the critical
energies for electrons and holes, respectively. Here, it should
be noted that n has been modified to be a function of stress
time (no longer assumed to be constant) and can be determined
from experiment. Experimentally determined values for these
parameters are ¢i; . = 3.7 €V and ¢;;, = 4.2 €V. Also, the
values of the electron and hole mean-free paths are A, = 67 A
and A, = 49 A [13], respectively.

As described by Ancona er al. [14], in MOS devices
with very thin gate oxides, the hot-carrier-induced interface
state generation occurs in a relatively narrow zone (ie.,
highly localized) and the peak is found to be well correlated
with the location, where the lateral electric field reaches its
maximum value. With this in mind and for simplicity, this
highly localized interface trap ANji(z) can be approximated
by a rectangular distribution as shown in Fig. 3. Also, the
approximate ANy, profile has the nonzero value

_ AIcp,max<t>
B quLdam(t)

only in the effective damaged region. In the above equation,
f is the applied gate pulse frequency in CP measurement. The
effective time-dependent damaged length Laam(¢) is defined as
the full width at half-maximum (FWHM) of the AN;; profile
and can be regarded as an important index of the damage
during hot-carrier stress. Here, it should be emphasized that
our definition of Lgam(¢) and the derivation of ANy (z) are
just based on the general feature of charge pumping method
with an aim to reduce the repetitive CP measurements and

ANie(t) @
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Fig. 4. Alcp max versus stress time from Fig. 2. The time-dependent power
law factor n is shown on the right.

complicated data manipulation as much as possible by making
appropriate approximations.

Now, Lgam(t) for (2) can be derived as follows. First,
keeping the definition of FWHM in mind and referring again
to the power-law expression, we get

ANy 1/2(1) ’{n(t)qbit( 1 1 )} 1
=exp - +—| ==
ANit7m(t) q)\ El/g(t) EWL 2
(3)
Here, A Nj; 172 is defined as one half of the maximum interface
state generation ANj; ., in tested device, and FEi/o is the
lateral surface electric field at a location, where the induced
amount of interface states is ANj; 1/9.

Next, we can rearrange (3) to solve Fy,5 which yields

1 gA

El/?(t) (Em + n(t)gbit
The lateral surface electric field under the stress condition was
simulated with a 2-D device simulator PISCES IIB [15]. To
make sure that the simulation results are more convincing, the
calibration procedure should be performed beforehand. Thus,
the £, ,, positions can be easily located from the simulated
lateral surface electric field. As a consequence, the effective
damaged length Lgam of the ANj profile can be obtained
by calculating the distance between the two E /, locations as
illustrated in Fig. 3.

-1
In 2) . @®

IV. RESULTS AND DISCUSSIONS

In Fig. 4, we show the increase (denoted by Al 1,,x) of a
sequence of the maxima in I, (from Fig. 2) with stress time
(in diamonds), which are plotted as a function of the stress
time in log-log scale. They can be regarded as the changes of
the induced interface states for the stressed and fresh devices.
Initially, Al , max increases largely with the increasing stress
time and then gradually saturates. According to the power-
law model, the power-law factor n(t) can be extracted from
the slope of the log(Alcp max) versus log(t) curve by (1) as
shown also in Fig. 4 with solid circles. It can be seen that
n decreases largely with the increasing stress time, and then
approaches to a saturated value, which is approximately 0.32 in
this case. It has been reported that under the stress condition
of the maximum substrate current bias (Vgs ~ Vpg/2), the
value of n is stress-bias dependent and is about 0.5, as in
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Fig. 6. Time evolution of lateral distributions of ANj¢(z) and the corre-
sponding lateral surface electric field distribution at the stress condition.

[12]. However, when the device is stressed at other biases, n
is less than 0.5 as concluded in this work.

Before determining the effective damaged length L., the
corresponding lateral surface electric field distribution should
be calculated first. Now, with this distribution being calculated
by the 2-D device simulator, we can calculate £ /2 (denoted
in Fig. 3) straightforwardly from (4). The results are shown in
Fig. 5. Values of £, /2 decrease with the increasing stress time
(i.e., with the decreasing power-law factor). Furthermore, with
Ey /2 just obtained, we can find the two F /o positions from
the simulated lateral surface electric field distribution. Thus,
The effective damaged length Lganm of the ANy profile with
a full width at half-maximum (FWHM) can be obtained from
the difference between the two E; /5 locations. The results are
again shown in Fig. 5.

Given Alcp max and Lgam, the induced ANj; distribution
can then be calculated from (2) as shown in Fig. 6. The
simulated lateral surface electric field distribution Fi,; is also
shown here. The insert shows the magnified box approximation
with the magnitude A NV;, damaged region and damaged length
Lgam near gate edge. From this figure, we can see that both
the magnitude and damaged range of A Ny, increase with stress
time while the damaged length tends to saturate gradually with
stress time. It should be noted that if we keep the power-
law factor m constant as one usually assumes, the effective
damaged length is a constant at around 400 A in this case.
This gives rise to a deviation of 200 A by comparing with
our calculations.
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In order to further investigate the degradation in LDD n-
MOSFET’s, we also applied this method to tested devices
under three different stress bias conditions (including Vgg =
1,3,5V, and Vpg = 7 V). From Figs. 7 and 8, on one hand,
we can see that the effective damaged length (most of which is
located in the spacer region) is the shortest at Vpg = 7 V and
Vas = 3 V (or Vgs = Vps/2) among all the bias conditions,
and initially Lgam at Vps = 7 V and Vgg = 5 V is the largest.
However, it turns out that Lgam, at Vps =7 Vand Vgs =1V
is the largest in the long run. On the other hand, the smaller the
gate voltage bias, the closer to drain side the damaged region.
Although, at first the amount of interface states at Vpg =7V
and Vgs = 3 V is not the largest, due to the shortest Lgam
it in turn leads to the rapid increase of interface states with
stress time (shown in Figs. 9 and 10) and so enhances the
degradation of drain current after a long time stress (shown
in Fig. 11). In other words, for the devices stressed at the
maximum substrate current (Vgs = Vpg/2), the oxide damage
can be mainly attributed to interface trap generation through
carriers [3]. For the comparison of growth rates in damaged
length and magnitude of interface trap, Fig. 12 shows the
fitting parameters in L4, and ANj, with a power form at
different bias conditions. It reveals that with increasing stress
time, the quantity of ANj at stress bias of Vgs = 3 V is
the largest finally. However, from the beginning of the stress
(Fig. 9), the quantity of ANj is not the largest. It means
that in judging the current degradation in n-MOS devices, the
criteria should consider both the combined effects of AN,
and oxide damaged region length Lg..,,. Based on the lateral
surface electric field distributions and the time evolution of
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power factors, it can be inferred that the effective damaged
length in terms of FWHM will not necessarily increase with
the increasing gate voltage bias.

To summarize, the advantages of the present method are
listed below.

1) In this experiment, we can easily obtain the lateral
distribution of the induced AN; along the channel
merely from one time-evolutional CP current I, — Vg,
measured at 0-V drain/source bias. On one hand, because
the drain and source are held constant at zero, this
method can avoid changes of Vr(z) and Vi, (x) during
the inversion and accumulation half cycles. On the other
hand, it requires no repetitive CP measurements, and
hence avoids the likely imposition of re-stress on tested
devices.

2) It can extract ANj, distribution directly from CP mea-
surement without taking Q. into account, even if it
exists.

3) It can even extract ANy distribution outside of the
contributed region that CP method can not detect.

4) This method can be generalized to calculate the lo-
cal AN distribution along the whole channel region
(including the source side).

V. SUMMARY AND CONCLUSION

In this work, a new method has been developed for char-
acterizing the lateral distributions of interface states and the
effective time-dependent damaged lengths. The correlation
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between the generated interface states with the stress time
and the device drain current degradation can then be well
described.

In this new method, by combining the power law as a
function of stress time and the charge pumping measurement
data, we can directly calculate the time-dependent effective
damaged length and the spatial distribution of interface states
with a rectangular approximation. To further investigate the
device drain current degradation in terms of Lgam and ANy,
the damages of devices at different stress biases are analyzed
in detail. It shows that for the devices stressed at the maximum
substrate current (Vgs ~ Vpg/2), the effective damaged
length is the shortest. Moreover, device drain current degra-
dation at this bias is the largest after a long period of stress
since the generated interface state is most highly localized by
comparing with the other stress biases.

Owing to its simplicity, the developed method is expected
to be useful for investigating the structure dependence of the
hot carrier reliability in the drain engineering of submicron
or deep-submicron VLSI/ULSI design. Moreover, this method
can be used as a good and precise monitor of the hot carrier
reliability in the state-of-the-art VLSI/ULSI device design.
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