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An effect, called random trap fluctuation (RTF), is proposed to study the threshold voltage (V)
fluctuation of metal oxide semiconductor field effect transistors (MOSFETSs) under Fowler-Nordeim
(FN) or hot carrier (HC) stress condition. Experiments have been demonstrated on n-channel
MOSFETs, and it was found that not only the random dopant fluctuation (RDF) but also the
stress-induced traps vary the Vy, fluctuation. More importantly, the stress-induced trap barrier
determines the Vy, fluctuation. For devices after FN stress, Vy, fluctuation is enhanced since the trap
barrier regulates the transporting carriers. For devices after HC stress, Vy, fluctuation is supressed
since the carriers are backscattered into the channel by the trap barrier and fewer carriers with higher
energy pass through the barrier. These results provide us a clear understanding on another source of
Vi fluctuations in addition to the RDF as devices are further scaled. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4768687]

Moore’s law has driven complementary metal-oxide
semiconductor (CMOS) devices scaling for several decades.’
The phenomenon of device fluctuations becomes increas-
ingly important. One of the most significant issues in the
scaling is the threshold voltage (Vy,) fluctuation induced by
the process or device structure;'™'! especially the discrete-
dopant in the channel induced random dopant fluctuation
(RDF),2 which is the major source of Vy, fluctuation. It has
been magnified by the scaling of device size (or area)
because the electrical characteristics of the device become
more and more sensitive to the number of dopants in the
channel. Different configurations of dopant position will
affect the value of the local Vy, in the channel, and the elec-
trical characteristics will not be uniform any more while the
numbers of dopants are reduced to quite a few.” Recent stud-
ies have shown that the process-induced RDF, e.g., the non-
uniform distribution of the generic dopants in the device
channel, are required for the further scaling of device dimen-
sions to drive the Moore’s law. As a result, it has been a con-
sensus to reduce the dopant concentrations in the device
channel through the improvement of fabrication process,
such as carbon co-implantation,'? fully depleted silicon-on-
insulator (FDSOI) or FinFET with undoped (lighter) chan-
nel,'*' which has been reported to reduce the Vy, fluctua-
tion effectively. On the other hand, as far as the reliabilities
are concerned, for the devices after the stress, the bias-
temperature instability (BTI) and random telegraph noise
(RTN) may also raise the fluctuation of Vy, with the evolu-
tion of time,ls*20 as a result of the dynamic exchange of car-
rier charges between the traps and channel.

Nevertheless, these transient responses of the electrical
characteristics for the devices after the stress have never been
examined in view of the variability, and the correlations
between the reliability and variability have not been reported.
In this paper, we present a concept that the stress-induced
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traps which caused the random trap fluctuation (RTF) can be
considered as part of the fluctuations. Experimentally, for the
device being stressed, the traps are generated in the oxide and
at the interface with non-uniform distribution. It will affect
the transport of carriers, giving rise to a similar fluctuation of
the threshold voltage.”'** As a consequence, we are inter-
ested in understanding the mechanisms behind this additional
source of Vy, fluctuation. In this paper, the impact of RTF on
the Vy, fluctuation, caused by the Fowler-Nordheim(FN) or
hot carrier (HC) stress, has been investigated.
By applying the Pelgrom plot, > i.e.,

O-Vth,fresh - AVT/ \% LW7 (1)

where L and W are the device length and width, respectively,
the dopant fluctuation before the stress can be interpreted and
quantified by the standard deviation of Vi, fresns €.8-, 0 Vi fresh-
The slope, Ayr, is an indicator of the Vy, g fluctuation. For
the device after the stress, the stressed Vg, will be shifted,
attributed to the trap generation. If traps are generated in the
gate dielectric or the interface randomly after the stress, it is
reasonable to treat this single trap as a delta function, i.e.,

O-Vth,shifz‘ = qoD trap/ Cox

_ (M L " AN (1)t — xrap )/ (LW /Cor
o 1/VLW, )

where oV, shire 15 the standard deviation of the threshold
voltage shift after the stress. C,y is the inversion capacitance;
q is a constant value, 1.6 x 10~ (coulomb); 0Dypap 18 the
standard deviation of trap densities; 6(X-Xyqp) is Dirac’s
delta-function, whose center is located at a trap position,
Xirap> With value of unity or zero depending on the trap loca-
tion. Now, the total variation of V,, after the stress,
0Vihstresss can be considered as a root mean square of
0 Vin,shite and 0 Vi fresh, €-.8-»
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O-Vth,stress = \/Uvzth.ﬁ'esh + O-Vzthﬂvhift X 1/ VLW, (3)

from which the actual oV, gyess also holds the Pelgrom’s
inversion square rule as does for 6V, gresn in Eq. (1). This
can be judged from Fig. 1(b) in that the drain currents at the
near threshold voltage region exhibit a parallel shift for the
device after the stress.

It is well known that, after stresses, some charges
trapped in defect states in the dielectric insulator of the gate
exhibits a profound impact on the electric characteristics of
nanoscale metal oxide semiconductor field effect transistors
(MOSFETS).24 These stress-induced traps will induce the
electrostatic effect on the channel potential and will generate
a localized barrier effectively, which will reflect the trans-
porting carriers randomly. This trap-barrier leads to the Vy,
fluctuation,” and we call it RTF. Experimentally, to observe
the influence of RDF on the V,, fluctuation, FN and HC
stresses have been employed to generate different types of
stress induced trap barriers. Fifty experimental samples,
made by the state-of-the-art CMOS technology, are prepared
for the experimental measurements. Equivalent oxide thick-
ness (EOT) of these samples made by oxynitride (SiON) is
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FIG. 1. (a) The measured drain current population on 50 sets of fresh n-

MOSFETSs with same dimensions and (b) the drain current population on 50
sets of n-MOSFETs with same dimensions after the FN-stress.
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12 A. Devices with various areas are measured to depict the
Pelgrom plot. The threshold voltages of devices are deter-
mined by the Gy, ,.x method.

By collecting 50 sets of Ip-Vg curves measured at
Vps =50mV for fresh nMOS devices, the drain current pop-
ulation is shown in Fig. 1(a). In the enlarged insert of the fig-
ure, we can see the fluctuation of drain currents in response
to the RDF effect, resulting in the V, fluctuation before any
stresses. In order to observe the stress-inudced Vy, fluctua-
tion, FN stress was carried out for those devices in Fig. 1(a).
After the FN stress, traps were generated at Si/SiO, interface
randomly. The FN stress then causes a fluctuation of the
drain current such that the mismatch is significantly larger
for stressed nMOS devices, compared to that of the fresh
devices, as shown in Fig. 1(b). In general, the RTF will
become increasingly significant since more traps will be gen-
erated as stress time evolutes.

In order to understand the physics of RTF, Fig. 2(a)
shows the Pelgrom plot of these nMOSFETs after FN stress
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FIG. 2. The time evolution of the Pelgrom plot for n-MOSFETs (a) after FN
stress and (b) after HC stress. The slope, Ay, indicates the degrees of Vy,
fluctuation. The Ayt increases after the FN stress, but decreases after
the HC stress. The device dimension from the left to right, W/L =0.3/0.25,
0.2/0.13, 0.1/0.065, and 0.05/0.028 (um/pm).
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FIG. 3. The schematics to illustrate the dopant distribution, trap distribution, and the carrier transport path: (a) after the FN stress and (b) after the HC stress in
n-MOSFETs.

with Vgs =2V for the fresh (0s), 200s and 500s, respec- abnormal behavior as compared to that from the FN stress,
tively, showing the increase of the slope, Ayr, which is i.e., instead the Ayt is decreased with increasing stress time
because during time evolution, random traps are increasingly after the HC stress, Fig. 2(b).

generated such that the transporting carriers will go through From the above two experimental observations, the evi-
more surface reflecting events from the interface of gate dence has been shown that the stress-induced Vy, fluctuation
dielectric. On the other hand, we also applied HC stress to will be dependent on the condition of electrical stress, i.e.,
the devices with Vgg= Vps =2V for the fresh (0s), 200s FN or HC stress. The schematics in Fig. 3 illustrate the com-
and 500s, respectively. Surprisingly, it was observed an parison of the generated traps between the two different
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FIG. 4. The lateral profiling of interface traps, AN;,, (a) after the FN stress and (b) after the HC stress, by the charge pumping measurement. The schematic of
the fluctuation induced by the trap barriers (c) after the FN stress and (d) after the HC stress. The perturbation of carriers by the trap barrier induces a much
wider distribution of the carriers (solid black line) in (c), while the perturbation of carrier by the trap barrier in (d) results in a loss of the carrier bounced back
to the channel, which gives rise to a narrower distribution of the carriers (solid blue line).
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stress methods. In Fig. 3(a), under the FN stress, since the
applying electrical field during the stress is uniform, it can
be reasonably assumed that the generated traps in the chan-
nel potential are generated more evenly and sparsely on the
gate dielectric, i.e., there is a random while sparse distribu-
tion of traps throughout the whole channel. These fluctua-
tions of stress-induced trap-barriers cause the disturbance of
the carrier transport such that the Vg, of each transistor is
raised as illustrated in Fig. 3(a), resulting in the random trap
induced fluctuation. However, in Fig. 3(b), under the HC
stress, since the high electrical field is located near the drain
junction region, the generated traps are highly localized near
the drain side. Compared to the random and sparse distribu-
tion of traps after the FN stress, traps caused by HC stress is
confined only near the drain side and can be recognized as a
trap barrier effectively. As carriers are traveling through this
stress-induced trap barrier, those whose energies are within
this barrier height will be reflected (backscattered), and only
those whose energies are higher than the barrier height will
reach the drain. In other words, the HC-stress induced trap
barrier is an obstacle to reflect most of carriers, while just a
small number of carriers can reach the drain side. As a result,
the Vy, fluctuation is supressed after the HC stress.

To verify the above experimental observation, the inter-
face traps profiling techniques26 by the charge pumping mea-
surement has been utilized to characterize the distribution of
traps generated after FN and HC stresses. Fig. 4(a) shows the
generated distributions of the interface traps (ANj;,) after the
FN stress, in which the increment of Nj, is more uniformly
distributed along the channel except in the middle region of
the channel, a little higher N;; was observed. In comparison,
Fig. 4(b) shows the distributions of the interface traps (ANj;,)
after the HC stress, in which a huge number of traps were
generated and highly localized in the near drain region. It
has been reported that the scattering events will be affected
by the generated traps after the stress.”’ In Figs. 4(c) and
4(d), the changes in ¢V, distributions have been compared
at the source and drain regions, respectively, from the experi-
mental data of Fig. 2. In Fig. 4(c), the carriers travelling
from the source with Vy, distribution, in Gaussian shape
(solid red line), are scattered by the FN-stress-induced traps
and resulted in a broader distribution of oV, (solid black
line). In other words, after FN stress, ¢V, becomes larger. In
contrast, in Fig. 4(d), the carriers travelling from the source
to the drain resulted in a narrower oVy, distribution. In other
words, after the HC-stress, aVy, becomes smaller.

In conclusion, a RTF effect is proposed to study the mech-
anisms of the stressed induced fluctuations of MOSFETSs. Dif-
ferent fluctuations are observed for the devices under different
stress conditions. RTF effect increases the Vy, fluctuations
when the stress generated trap are uniform in the channel; while
the Vy, fluctuation is suppressed as a result of the trap barrier
with highly nonuniform localized distribution near the drain. In
other words, distributions of trap-barriers determine the Vy,
fluctuation. These results provide us an additional source of Vy,
fluctuation resulting from the interface traps caused by the FN
or HC stress, i.e., U(Vth)2 = cr(dopant)2 + G(Nit)2 + a(others)z.
Furthermore, these results provide us a better understanding of

Appl. Phys. Lett. 101, 223505 (2012)

the device reliability in terms of both the process and stress
induced fluctuations.
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