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Random telegraph noise in the drain current (Id RTN) and the gate current (Ig RTN) has been
studied to characterize slow oxide traps in a thin gate oxide. First, Ig RTN was classified into
two categories from its dependence on gate bias. Through the analysis of Id and Ig RTNs, the
distribution of oxide traps in the thin oxide was also studied. Most of the oxide traps obtained
from Id RTN were found to be in the middle range of the oxide and to have an energy level within
a narrow range whereas the oxide traps from Ig RTN were widely distributed.
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I. INTRODUCTION
As devices continue to scale down in MOSFET technology, low-frequency noise becomes more and more important in determining MOSFET performance. Especially, the low-frequency noise of small MOSFET devices
is dominated by random telegraph noise in the drain current (Id RTN). Therefore, considerable research on the
Id RTN has been performed [1–7]. Recently, the gate
oxide thickness has been getting thinner with scaling device size, and the gate leakage current has increased due
to direct tunneling through the thin gate oxide. Since
the transport of a high gate leakage current is affected
by oxide properties, some studies on the transport have
been conducted in order to characterize ultra-thin gate
oxides or high-k gate dielectrics. One of these efforts is
the low-frequency noise measurement of the gate leakage
current in MOSFET devices. The low-frequency noise
measurement is reported to be an effective way to extract
the effective trap density inside the gate dielectrics [8,9].
In addition, random telegraph noise in the gate leakage
current (Ig RTN) has also been observed in small devices
when a slow oxide trap is located in the gate dielectric
and reported to be sensitive to slow oxide traps in the
gate dielectric [10–14]. Furthermore, the combined technique of both Id and Ig RTNs has been introduced to
analyze slow oxide traps [12]. However, there is no report on the distribution of slow oxide traps in the gate
oxide by using the technique.
In this work, we studied slow oxide traps in a thin gate
oxide by using Id and Ig RTNs. Two kinds of Ig RTNs as
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Fig. 1. (Color online) Low-frequency noise measurement
system.

functions of the gate bias were introduced. Then methods for extracting the location and the energy level of an
oxide trap by using the bias dependency are discussed.
Finally, we characterized the distribution of oxide trap
in the thin gate oxide through an analysis of the vertical location and the energy level of oxide traps extracted
from both the Id and the Ig RTN.

II. EXPERIMENT AND DISCUSSION
The N+poly-Si gated nMOSFETs were fabricated on
p-type Si (100) substrates by using standard 80 nm
DRAM technology. The gate oxide thickness was 2.6
nm. The tested devices had channel width of 7.25 um
and channel length of 0.13 um. Figure 1 shows the
low-frequency noise measurement system to measure the
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Fig. 2. Two kinds of Ig RTN. (a) Type A shows that
τc and τe decreases and slightly increases, respectively, with
respect to Vgs . (b) Type B shows that τc and τe increases
and decreases, respectively.

RTN. The SR 570 low noise amplifier (LNA) amplifies
the gate leakage current and converts it to a voltage,
then an HP35670A dynamic signal analyzer shows the
low-frequency noise behavior both in the time and in the
frequency domains. To reduce external noise, the SR
570 LNA is operated by using a battery, and the device
is shielded by using a shielding box. Slow oxide traps
obtained from Id RTN were observed within the gate
voltage (Vgs ) range of 0.7 ∼ 1.2 V with the drain voltage (Vds ) at 50 mV while the traps from Ig RTN were
measured within the Vgs range of 2.5 ∼ 3.8 V.
The Ig RTN phenomenon was reproductively found in
∼3% of samples from several nMOSFET devices (more
than 400 ea). Two kinds of Ig RTNs were also observed.
In one group (Type A) of devices, the time constant for
a high current level decreases and that for a low current
level slightly increases with increasing Vgs , as shown in
Fig. 2(a), whereas in the other group (Type B), the opposite tendency is observed, as shown in Fig. 2(b). These
figures show two discrete current levels, meaning that
there is a single oxide trap in the gate oxide. The times
for the high and the low current levels are assumed to be
the capture time (τc ) and the emission time (τe ), respectively, because each electron trapped in the oxide during
τe blocks the current conduction through the gate oxide
[15]. The capture and the emission time constants with
respect to Vgs (dln(τc /τe )/dVg ) were analyzed to characterize the oxide trap, as shown in Fig. 3. Type A shows a
negative slope in dln(τc /τe )/dVg whereas Type B shows
a positive slope. These can be explained that Type A
interacts with the Si channel due to the increase in the
probability of trap occupation with increasing Vgs [1–6,
10–13] while Type B interacts with the gate electrode

Fig. 3. (Color online) Average capture and emission time
constants as functions of Vgs . Type A (a) shows a negative
slope in dln(τc /τe )/dVg whereas Type B (b) shows a positive slope. The inset is the time-constant variation rate with
respect to Vgs .

due to the decrease in the probability of trap occupation
[11,13,14]. For Type A, the energy level and the vertical
location of an oxide trap can be extracted from the conventional equation based on the grand partition function
[1–3,5,6]

τc
1
xT
ln
=
(ECox − ET ) + q
Vox
τe
kB T
Tox

− (EC − EF p + qVC ) − qφ0 + qψs ,
where
Vox = Vgs − VF B − ψp − ψs .

(1)

Here, kB is the Boltzmann constant, T is the absolute
temperature, ECox is the conduction band edge of the
oxide, ET is trap energy level, EC is the conduction band
edge of the Si, and EF p is hole Fermi level. Vc is the
channel potential at a point y in the channel measured
from the source (Vc = yVds /L at low drain voltage), Φ0
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Fig. 4. (Color online) Distribution of slow oxide traps as a
function of trap’s vertical location in the gate oxide. Type A
represents oxide traps interacting with the Si channel whereas
Type B corresponds to oxide traps interacting with the gate
electrode.

is the difference between the conduction bands of Si and
SiO2 , ψs is the amount of surface band-bending, ψp is
the amount of band-bending in the poly-Si gate, Vox is
the oxide voltage drop, Tox is oxide physical thickness,
and xT is the position of the trap in the gate oxide from
the SiO2 /Si interface. In the equation above, the Fermi
level for electrons (EF n ) is written in terms of EF p and
Vc : EF n = EF p - qVc .
In the opposite case (Type B), the vertical location
and the energy level of the oxide trap can be extracted
from [14]

(Tox − xT Gate )
τc
1
(ECox − ET ) + q
ln
=
Vox
τe
kB T
Tox

− q (φ0 + Vox + ψp ) .
(2)
Here, xT Gate is the position of the trap in the gate oxide
from poly-Si/SiO2 interface.
Through an analysis of the two kinds of Ig RTNs, we
observed the distribution of slow oxide traps, as shown in
Figs. 4 and 5. In these plots, slow oxide traps extracted
from Id RTN are also displayed to compare to those obtained from the Ig RTN. Slow oxide traps obtained from
Id RTN were observed within the Vgs range of 0.7 ∼ 1.2
V while the traps from Ig RTN were separately measured
within the Vgs range of 2.5 ∼ 3.8 V. The reason for the
apparent absence of Ig RTN in the lower Vgs range is
that Ig is small enough to be negligible whereas the absense of Id RTN in the higher Vgs range is related to the
trap-potential screening effect caused by a high inversion
carrier concentration [1,2].
Most of the oxide traps obtained from Id RTN were
found to be located in the middle of the oxide. The slow
oxide traps in Type A were observed to exist near the
SiO2 /Si interface and to have an energy level range (2.2
∼ 2.9 eV) similar to that of the oxide traps from Id RTN
while the oxide traps in Type B were distributed from

Fig. 5. (Color online) Distribution of slow oxide traps in
energy band diagrams at a (a) Vgs of 0.88 V with a Vds of 50
mV and a (b) Vgs of 2.9 V with a Vds of 50 mV. Here, Vox1
is the voltage drop at a trap in SiO2 .

the middle of oxide to the poly-Si/SiO2 interface and had
a relatively deep energy level range of 3.5 ∼ 4.96 eV. The
reason for the discrete observations as Id RTN or Ig RTN
(Type A) for oxide traps that have similar energy levels
can be explained by the geometric effect of the oxide
traps in the gate oxide, as shown in Fig. 5. The oxide
traps observed in Id RTN and Ig RTN (Type A) exist
at energies above the EF n of Si at low Vgs due to their
low energy level. With increasing Vgs , the oxide traps
move down to the EF n through the increase of Vox1 ,
which is the voltage drop at a trap in SiO2 , and interact
with the Si channel because the random trapping/detrapping process of carriers in an oxide takes place when
the trap energy level is aligned to EF n within a range
of a few kB T. This indicates that the magnitude of Vox1
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with respect to Vgs depends on the trap position in the
gate oxide. The closer to the SiO2 /Si interface that an
oxide trap is located, the less the amount of Vox1 change
in the energy-band diagram. In other words, more Vgs
is needed to move down the trap energy level to EF n
in the channel. At a low Vgs of 0.88 V in Fig. 5(a),
the oxide traps from Id RTN become close to the EF n
in the Si channel while the Type A oxide traps are still
located far above the EF n , indicating that the Type A
oxide traps are not active at the Vgs . However, at a high
Vgs of 2.9 V, as shown in Fig. 5(b), the oxide traps from
Id RTN move much below the EF n whereas the Type A
oxide traps become close to the EF n and interact with
the Si channel.
Figure 5 also shows the distribution of Type B oxide traps. We observed that the Type B oxide traps
were more frequently measured and that their distribution was wider than that of the Type A oxide traps. The
reason may be due to their deep energy levels and different dependences on Vgs . With increasing Vgs , the
Type A oxide traps move down toward EF n whereas the
Type B oxide traps move upward EF poly−Si and interact with the gate electrode. Thus, the slow oxide traps
below EF poly−Si can only be detected by the Ig RTN
measurements whereas the oxide traps above the EF n of
Si can be measured by using both Id RTN and Ig RTN,
as shown in Fig. 5. These results indicate that an Ig
RTN analysis is complementary to that of Id RTN and
provides additional insight in order to characterize slow
oxide traps in a thin gate oxide.

III. CONCLUSION
We studied slow oxide traps in a thin gate oxide and
found two kinds of Ig RTNs from their dependences on
the gate bias. Through an analysis of the trap’s vertical
location and energy level extracted from Ig RTN and Id
RTN, the distribution of slow oxide traps in the thin gate
oxide was also studied. Most of the oxide traps obtained
from Id RTN were found to be in the middle range of the
oxide and to have an energy level within a narrow range.
On the other hand, oxide traps from the two kinds of Ig
RTNs were widely distributed.
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