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We investigate the impact of random telegraph noise (RTN) on the threshold voltage of multi-level NOR flash memory.
It is found that the threshold voltage variation (∆Vth) and the distribution due to RTN increase with the programmed level
(Vth) of flash cells. The gate voltage dependence of RTN amplitude and the variability of RTN time constants suggest that
the large RTN amplitude and distribution at the high program level is attributed to the charge trapping in the tunneling
oxide layer induced by the high programming voltages. A three-dimensional TCAD simulation based on a percolation path
model further reveals the contribution of those trapped charges to the threshold voltage variation and distribution in flash
memory.
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1. Introduction
Random telegraph noise (RTN) has become a dominant

noise source as the flash memory cell size scales down. It
induces the cell threshold voltage (Vth) shift and degrades the
threshold voltage tight distribution during verification and read
operation, which raises the possibility of failed bits.[1] Vari-
ous aspects of the RTN phenomenon in flash cells have previ-
ously been analyzed.[2–5] In these works, the statistical distri-
bution of RTN amplitude has been particularly studied due to
its importance in determining RTN impact on the cell prop-
erties and program/erase (P/E) cycling reliability.[1,3–7] The
research results illustrate that both the channel dopant fluctua-
tion and the trap generation in the tunnel oxide layer aggravate
the RTN impact on the cell’s threshold voltage control.[8–19]

On the other hand, RTN is a conspicuous issue for multi-level
flash memory due to the stringent requirement of Vth distri-
bution since multi-level cell program levels are closer to each
other. Small RTN fluctuations could confuse the adjacent lev-
els and lead to the errors of read operation. However, until
now, there are few experimental reports about RTN character-
istics on multi-level NOR flash memory.

In this paper, we studied the impact of random telegraph
noise (RTN) on the threshold voltage of multi-level NOR flash
memory. The RTN amplitude and distribution under different
program levels (Vth) and the read conditions are investigated
and compared. The physical origin of the large RTN ampli-
tude and wide distribution are attributed to the charge trapping

in the tunneling oxide layer induced by the high programming
voltages. Three-dimensional (3D) TCAD simulations were
further introduced to illustrate the oxide trapping charge ag-
gravation of Vth variation caused by RTN.

2. Experimental
The flash cells used in the study were fabricated in 90-

nm NOR flash technology. They were programmed by chan-
nel hot electron (CHE) injection. The bias condition for
gate/drain/source/bulk (VG/VD/VS/VB) is 7.1 V/3.8 V/0 V/0 V;
by adjusting the programming time (t), multi-level storages
were obtained. In order to separate the adjacent Vth distribu-
tions for meeting the minimum read margin, the distance be-
tween two adjacent programming levels is larger than 1 V. All
electrical measurements in the study were conducted using a
Keithley 4200 semiconductor characterization system on the
Cascade Summit 12000 probe station.

RTN was evaluated by threshold voltage difference ∆Vth

between two subsequent read operations at a given program-
ming level. Figure 1 shows two measured ID–IG curves of the
flash cell, here, VD is fixed at 0.1 V. The initial ID–IG curve is
a smooth curve without RTN influence. It can be seen when a
RTN event occurs at time t, the ID–IG curve has a visible read
current fluctuation, and then the channel current fluctuation
∆ID is monitored. Finally, the RTN amplitude ∆Vth at time t
can be extracted based on the equation of ∆ID =Gm∆Vth. Here,
Gm is trans-conductance under a given VG.
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Fig. 1. (color online) The ID–VG curves for RTN amplitude (∆Vth) ex-
traction. Due to an electron trapped/de-trapped in the tunnel oxide trap,
a RTN event may occur at time t and the value of ∆Vth can be extracted
based on the equation of ∆ID = Gm∆Vth.

3. Results and discussion
According to the RTN measurement method mentioned

above, we obtain the time traces of RTN amplitude (∆Vth) with
cell threshold voltage Vth varying from 3 V to 7 V, as shown
in Fig. 2. It is seen that the program levels have an important
influence on the properties of this RTN, including amplitude
(∆Vth), capture time (τc), and emission time (τe). With the in-
crease of Vth, the ∆Vth is aggravated while the τc and τe become
shorter and longer, respectively.
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Fig. 2. (color online) Time trace of RTN amplitude (∆Vth) at various
program levels. To monitor RTN fluctuation, the read condition is set at
VD = 0.1 V and VG −Vth = 0.1 V.

To gather RTN variability, several samples were mea-
sured and the complementary cumulative distribution function
(1–CDF) of ∆Vth were calculated. Figure 3 shows RTN am-
plitude ∆Vth distributions at different Vth levels plotted on (1-
CDF). It is found that the ∆Vth distribution is also highly de-
pendent on the Vth levels. At high programming levels, there is
a relatively larger ∆Vth distribution than that at low program-
ming levels. At each programming level, the Vth dependence
of ∆Vth appears approximately to have an exponential distribu-
tion:

1−CDF = exp
(
−∆V th

η

)
. (1)

Here, η represents the average value of the RTN amplitude.

0 0.05 0.10 0.15
0.01

0.1

1

1
-

C
D

F

DVth/V

Vth=7 V

Vth=5 V

Vth=3 V

Fig. 3. (color online) RTN amplitude (∆Vth) on the exponential plot.
The solid lines present the fitting results with Eq. (1).

The obtained fitting parameters of η are about 22 mV,
29 mV, and 36 mV at the programming Vth levels of 3 V, 5 V,
and 7 V, respectively. The strong program level dependence of
η is clearly seen. The higher the program level is, the larger
the RTN amplitude becomes. However, these fitting values are
much larger than the theoretical calculation values by a simple
charge sheet approximation model with an electron capturing
in the tunnel oxide layer.[20] Similarly, it is also difficult to
understand this tendency with a uniform flash cell model.

To correctly explain the abnormal large RTN fluctuation
in the NOR flash memory devices, a non-uniform channel sur-
face potential distribution model is proposed.[9,11] According
to the quasi-two-dimensional Poisson equation, there is a sur-
face non-uniformity potential distribution in the channel in-
duced by the Si substrate random dopant distribution (RDD).
However, the oxide charges trapping could also induce non-
uniformity of potential profile in the channel, which will cause
a large single RTN generation. In our study, the RTN aver-
age value is significantly increased with the program levels,
therefore, we think that the oxide traps could be another rea-
son for the non-uniform potential profile in the channel. Af-
fected by the more fixed charges trapping in the oxide layer,
the non-uniform potential distribution in the channel becomes
much more obvious so that the channel currents could be di-
vided into many narrow percolation paths. The RTN ampli-
tude fluctuations at different program levels can be explained
by the varying distance between the RTN trap position and the
critical spot of the channel current path. When the RTN trap
position is far from the critical spot of the channel percolation
path, a smaller influence on the RTN characteristic is expected.
However, when the RTN trap is just located above the critical
spot of the percolation path, an abnormally large ∆Vth would
be detected. The observed large ∆Vth (> 120 mV) at the pro-
gram level of Vth = 7 V in Fig. 2 can be attributed to this obvi-
ous effect of the narrow percolation path in the channel.[9,10]

Furthermore, the program-level dependency of ∆Vth in Fig. 3
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strongly suggests that there exist various distances between
RTN position and the narrow percolation paths.

The suggestion is further proved by the different VG de-
pendent tendency of ∆Vth at the various program levels. Fig-
ure 4 shows the ∆Vth values at various gate biases (VG) for three
program levels. It is observed that at the high program level
of 7 V, the RTN fluctuation decreases with the increase of VG.
In contrast, the reverse tendency is observed at the low pro-
gram levels of 3 V and 5 V. This experimental phenomenon
is consistent with our hypothesis that the distances between
the trap RTN location and the current percolation paths will
have an important impact on RTN amplitude and distribution.
When the program level of Vth is 7 V, the RTN trap may lo-
cate near the critical spot of the percolation path and block the
current percolation path. As a result, a single RTN trap could
induce the large ∆Vth. However, with the increase of gate bias
VG, the narrow percolation path in the channel could gradually
become a wider integral path, and the abnormally large ∆Vth

could gradually vanish due to the larger channel current. In
contrast, when the program levels are 3 V and 5 V, the RTN
trap may be far from the critical spot of the percolation path,
consequently, the relatively smaller ∆Vth values are observed.
Moreover, with the increase of gate bias VG, the narrow per-
colation path gradually disappears, and the ∆Vth values are en-
hanced. This result also indicates that the distances between
the RTN trap position and the narrow percolation paths could
be changed under different program levels.
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Fig. 4. (color online) The average ∆Vth with respect to the gate voltage
(VG) at various program levels.

As the position of the RTN trap is always fixed in the
tunneling oxide, we consider this is attributed to the shift
of the percolation paths under different program conditions.
One possible explanation is the additional oxide traps near
the Si/SiO2 interface. According to the oxide trap model,
more traps could be generated to capture charges under the
programming condition with higher gate voltage.[21,22] More
charges trapping in the tunnel oxide could induce the larger
non-uniform potential distribution in the channel, which could

result in more narrow percolation paths. Thus, the RTN trap
locating near the critical spot of the percolation path may in-
duce a large RTN. To further study the impact of additional
charges in oxide on the RTN characteristic, we extracted av-
erage capture time (τc) and emission time (τe) of RTN. Fig-
ure 5 shows time constants dependence with the program lev-
els of Vth. It can be found that τc shifts to the smaller value
while τe shifts to the larger value as the program level in-
creases. According to the field-assisted tunneling theory for
capturing/emission electrons,[23–25] the above measured re-
sults strongly suggest that the oxide local field near the RTN
trap is increasing with the program levels due to the new ad-
ditional charges trapping in the tunnel oxide. Accordingly, the
non-uniform potential distribution in the channel is enhanced
with the increase of additional oxide charges. Although the
increase of additional oxide traps can usually be observed dur-
ing the P/E cycling process, the high program levels also can
induce the degradation of tunnel oxide, which actually could
be monitored sensitively by RTN fluctuation.
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Fig. 5. (color online) The average capture time (τc) and emission time
(τe) constants with respect to the program level (Vth).

4. TCAD simulation validation
To verify the proposed non-uniform channel surface po-

tential distribution model, an accurate reproduction of the in-
fluence of generated trap charges on RTN amplitude was sim-
ulated using a channel surface potential model in combination
with a percolation path by 3D Silvaco Atlas software. The
channel length and width of the simulated flash cell are 130 nm
and 80 nm, which are the same as those of the tested flash cell.
The channel doping is calibrated by comparing the simulated
and tested Id–Vg characteristics of flash cell to improve the ac-
curacy of TCAD simulation. In this simulation, a RTN trap is
set at 0.1 nm away from the SiO2/Si interface and then a num-
ber of fixed trap charges are randomly inserted in the oxide
layer over the cell active area near the SiO2/Si interface.

Figure 6 exhibits 3D simulation results of the channel po-
tential shift ∆φ with/without the fixed charges in the tunnel ox-
ide layer from the initial one. It is clearly seen that the channel
surface potential near the fixed oxide trap position is largely
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changed. The more fixed charges in the tunneling oxide, the
larger variation of the channel surface potential. This larger
local potential shift will further have an important impact on
the current percolation paths and the RTN characteristic of the
devices.
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Fig. 6. (color online) The 3D TCAD simulation of the channel potential
shift from the initial one when carriers are trapped by (a) RTN trap only;
(b) RTN traps with additional fixed oxide traps. The channel surface po-
tential near the fixed oxide trap position is largely changed. The more
fixed charge in the tunneling oxide, the larger of the potential variation.

The simulated RTN amplitude is obtained by calculating
Vth difference with and without the electron in a RTN trap. Fig-
ure 7 shows RTN magnitude ∆Vth versus the number of fixed
oxide charges. It is seen that ∆Vth becomes evidently larger
with the increase of charge number. Moreover, we can find
that when there exists 0–4 fixed charges in the tunnel oxide,
the RTN amplitude is enhanced with the increase of VG–Vth,
which may be attributed to the RTN trap position far from the
current percolation paths. However, the reverse dependency is
observed when the charges number in the tunnel oxide is in-
creased from four to seven. In this case, the RTN trap position
could be located near the critical spot of the percolation path.
It is noted that the fixed oxide charges are increased with the
program levels of Vth, thus such ∆VG–Vth dependency is very
consistent with the experimental results in Fig. 4.

The generated fixed charges trapping in the tunnel oxide
at high program levels not only induce the non-uniformity po-
tential profile in the channel, but also have an impact on the
local oxide electrical field. The inset of Fig. 7 shows the simu-
lated oxide electrical field near the RTN trap at VG–Vth = 0.1 V.
It is seen that with the increase of charge number, the oxide
field near the RTN trap increases. This is in good agreement
with the characteristic of RTN τc and τe with the increase of
program levels in Fig. 5.

Based on the experimental and TCAD simulation results,
we can deduce that the more fixed charges captured in the
tunneling oxide traps at the high program level could lead to

the larger non-uniformity of potential profile in the channel,
ultimately inducing the RTN aggravation of multi-level flash
memory cells.
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Fig. 7. (color online) Simulated ∆Vth with respect to additional fixed
oxide charge number. The inset shows the oxide field near RTN trap
with respect to program levels.

5. Conclusion
The impacts of different Vth program levels on the RTN

properties were comprehensively investigated in 90-nm NOR
multi-level flash memories. It is found that the average value
and variation of RTN amplitude ∆Vth are significantly enlarged
with the increase of program levels. The ∆Vth is increased with
VG at the low program level while it exhibits the inverse ten-
dency at the high program level. By means of 3D TCAD simu-
lations, we can deduce that the generated traps in the tunneling
oxide during the programming period could result in the seri-
ous non-uniformity of potential profile in the channel, which
may be mainly responsible for the RTN aggravation at the
high program level in the multi-level flash memories. A com-
prehensive treatment on RTN characterization, benchmarking,
and usage should therefore comprehend such a discussion for
advanced NOR flash cells.
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