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In this work, we study the effect of interface traps (ITs) and random dopants (RDs) on characteristics of
16-nm MOSFETs. Totally random generated devices with 2D ITs between the interface of silicon and HfO,
film as well as 3D RDs inside the silicon channel are simulated. Fluctuations of threshold voltage and on/
off state current for devices with different EOT of insulator film are analyzed and discussed. The results of

this study indicate ITs and RDs statistically correlate to each other and RDs govern device variability,
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compared with the influence of ITs. Notably, the position of ITs and RDs induces rather different fluctu-
ation in spite of the same number of ITs and RDs are investigated.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Characteristic variability of nano-CMOS devices increases as de-
vice dimension reduces [1-5], for example, the RD-induced thresh-
old voltage fluctuation (6Vy,) up to 40 mV for 20-nm planar CMOS
has been experimentally quantified [3]. RD fluctuation (RDF) has
been recognized as one of the major limitations in device scaling;
recently, high-k/metal gate (HKMG) plays a key technology to re-
duced intrinsic parameter fluctuation, and leakage current for
sub-45-nm generations [3,4]. However, the generation of ITs on
the interface of silicon and high-«x introduces a new source of fluc-
tuation for the degradation of device characteristics [6-10]. In this
work, we intensively study the distributions of ITs and RDs induced
characteristic fluctuation of 16-nm MOSFETSs using an experimen-
tally calibrated 3D device simulation. 2D ITs on the interface of sil-
icon and HfO, film and 3D RDs inside the silicon channel are
simultaneously considered in the 3D device simulation [3,4]. Phys-
ical findings on oVy;, and variability of Ion/Io5 versus the number and
position of ITs and/or RDs are discussed.
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2. Simulation methodology

The validated performance of studied HKMG device, according
to ITRS roadmap for low operating power, is experimentally quan-
tified in our recent study [3]. Note that the threshold voltage of 16-
nm N-MOSFET is equal to 250 mV. The devices we examined are
the 16-nm planar MOSFETs (width: 16 nm) with amorphous-based
TiN/HfO, gate stacks; an EOT of 0.8 and 1.2 nm are shown in
Fig. 1(a). For the simulation of IT fluctuation (ITF), we first generate
753 acceptor-like traps in a large plane in Fig. 1(b), where the trap’s
concentration in the large plane is around 1.5 x 10> cm~2 based
upon experimental characterization, and the total number of gen-
erated traps mainly follows the Poisson distribution. Then, the sta-
tistically generated large plane is partitioned into many sub-
planes, where the number of traps in the sub-planes may vary from
one to eight and the average is four. The energy of each trap on
each sub-plane is assigned according to the distribution of trap
density [6-9]. We explore the density of ITs varying from
5 x 10" to 5 x 10'? cm 2. We repeat this process until all sub-re-
gions are assigned. RDs’ number and position in the channel region
are statistically generated discrete dopants, as shown in Fig. 1(c),
which are also incorporated into the 3D device simulation and per-
formed on our parallel computing system. The detail of RDF simu-
lation technique was reported in our previous works [3,4].
Therefore, about 200 samples are generated for the 3D device
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Fig. 1. (a) The source of randomness (pink dots are interface traps and blue dots are discrete dopants) and simulation settings for fluctuations of random ITs and RDs. (b) We

first generate 753 acceptor-like traps in a large plane, where the trap’s concentration in the plane is around 1.5 x 10'? cm

2 and the total number of generated traps follow

the Poisson distribution. The energy of each trap on the plane is assigned according to distribution of trap’s density. Then the entire plane is partitioned into sub-planes (size:
16 nm x 16 nm), where the number of traps in all sub-planes may vary from one to eight and the average number is four. (c) Discrete dopants randomly distributed in
(96 nm)* cube with the average concentration of 1.5 x 10'® cm 2. There will be 1327 dopants within the cube and dopants vary from 0 to 14 (the average number s six) for all
216 sub-cubes. The size of each sub-cube is (16 nm)>. The total sub-cubes and sub-planes are then mapped into device’s 3D channel and 2D surface for RDs and ITs’ position/
number-sensitive simulation (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. The on-state (V= Vp=0.8 V) electric field and potential distribution of the
channel surface extracted from one of simulated 16-nm transistors, where
EOT = 0.8 nm. The device fluctuated by two random ITs at Si/HfO, oxide interface.
The traps between the interface of Si and high-k oxide irregularly twist the local
electric field and the potential, where the barrier is affected by ITF clearly.

simulation to estimate the ITs and RDs induced characteristic fluc-
tuation in MOSFETs.

3. Results and discussion

Fig. 2 shows the on-state (V; = 0.8 Vand Vp = 0.8 V) electric field
and the potential distributions of the channel surface extracted
from one of about 200 simulated transistors, where they are fluc-
tuated by random ITs. The traps between the interface of Si and
high-x irregularly twist the local electric field and the potential.

O Interface Trap
@ Dopant

Fig. 3. The on-state (V;=Vp=0.8 V) potential distribution of the channel surface
from one of simulated 16 nm transistors, where EOT = 0.8 nm. The device fluctu-
ated by six random “ITs + RDs” simultaneously. The interactions of two random ITs
(at Si/HfO, oxide interface) and four random RDs (locating inside the silicon channel
below the channel surface) on the band profile is clearly shown in the right plot.

Notably, the barrier is affected by ITF clearly. The barrier induced
by RDs was discussed in our recent work [3]. Fig. 3 shows the
on-state potential distribution of the channel surface extracted
from one of about 200 simulated transistors fluctuated by random
“ITs + RDs” simultaneously. The interaction effect of “ITs + RDs” on
the band profile is clearly shown. Fig. 4(a) and (b) shows the totally
random “ITs + RDs” fluctuated Ip-V; curves simultaneously for N-
MOSFETs with EOT of 0.8 and 1.2 nm, respectively. The plot of
Ion—Iogr characteristics for “ITs + RDs”-induced fluctuations is shown
in Fig. 4(c). For devices with similar I,,, the maximum difference of
I is declined from approximately 13.3 to 6.2 nA as the EOT is
scaled from 1.2 to 0.8 nm. The result shows that the device with
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Fig. 4. (a) and (b) The totally random ITs- and RDs-induced fluctuations of Ip-Vg
curves simultaneously for N-MOSFETs with EOT of 0.8 and 1.2 nm, respectively,
where the red lines indicate the nominal cases (i.e., the 3D simulation without ITF
and RDF). (c) The I,,-I,; characteristics of about 200 simulated transistors
fluctuated by ITs and RDs. For devices with similar I,,, the maximum difference
of I, is declined from approximately 13.3 to 6.2 nA as the EOT is scaled from 1.2 to
0.8 nm respectively.
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Fig. 5. (a) and (b) The large-scale statistically computed V¢, as a function of random
traps’ and dopants’ number for the N-MOSFET devices with EOT of 0.8 and 1.2 nm,
respectively. The random position effect of ITs- and RDs-induces rather different
fluctuation in spite of the same number of ITs and RDs, as marked in the inset.

EOT of 1.2 nm possesses sizeable ITF and RDF due to the weakened
metal gate controllability. The large scale statistically simulated
threshold voltage as a function of random interface traps’ and ran-
dom dopants’ number for the 16-nm N-MOSFET devices is shown
in Fig. 5(a) and (b). Compared with ITs-number-induced oV, the
results imply that RDF influence ¢V, notably. From RDs-number

Table 1

Summary of the ITs-, RDs- and “ITs + RDs”-induced threshold voltage fluctuation. We
note that the oVirsrps iS Smaller than the result of statistically independent
identical distribution /62Vy s + 62Vyrps due to a charges’ correlation between
random ITs and RDs in N-MOSFETs devices with EOT of 0.8 and 1.2 nm, respectively.

(nm) Vinrs (MV) Vinrps (MV) Vi rs+rps (MV)
EOT=0.8 26.3 43 45.4
EOT=1.2 314 47.6 56.2

point of view, the equivalent channel doping concentration in-
creases when the dopant number increases; this substantially al-
ters the threshold voltage and the on/off state currents.
Additionally, the position of ITs- and RDs-induces rather different
fluctuation in spite of the same number of traps and dopants, as
marked in inset of Fig. 5(a) and (b). Furthermore, the magnitude
of spreading distance increases as the number of dopants in-
creases. Table 1 summarizes the ITs-, RDs- and “ITs + RDs”-induced
threshold voltage fluctuation; device with EOT of 0.8 nm exhibits
avth,lTs=26-3 mV, avth,RDS =43 mV and O-Vth,lTs+RDs =454 mV. We
note that oV rs+rps = 45.4 mV is smaller than the result of statisti-
cally independent identical distribution /62V, s + 62V yrps =
50.4 mV due to a charges’ correlation between ITF and RDF in N-
MOSFETSs. Physically, it implies that ITF and RDF should be consid-
ered at the same time for simulating HKMG device. Similarly, for
device with EOT=1.2nm they are 31.4, 47.6 and 56.2 mV
respectively.

4. Conclusions

In this study, we have explored the ITF and/or RDF with EOT of
0.8 and 1.2 nm on 16-nm HKMG planar MOSFETs. We have esti-
mated the Vi, as a function of trap number and dopant number
for the N-MOSFET devices and ITs and RDs position induced differ-
ent fluctuations of characteristics in spite of the same number of
dopants and traps. The gV, induced by ITs is lower than that of
RDs owing to a low density of acceptor-like interface traps. RDF
dominates the characteristic fluctuation when considers both the
ITF and RDF together. We currently calibrate the ranges of ITs’ den-
sity and energy with experimentally measured results.
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