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Abstract

In this project we have conducted
investigation and modeling of sub-32nm
multiple-gate SOl CMOS. We have proposed
an anaytica model considering quantum
confinement effects in short-channel gate-all-
around MOSFETSs under subthreshold region.
In addition, we have conducted a comparative
study of carrier transport characteristics for
multi-gate  FINFET MOSFETs with and
without the nonoverlapped source/drain
structure. Our study will be instrumental for
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ultra-scaled multi-gate device/circuit designs.
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As the semiconductor industry is
confronted with the difficulty of downsizing
the transistor dimension, multiple-gate SOI is
emerging as an important device structure for
CMOS scding [1]. In this project, we have
conducted investigation and modeling for sub-
32nm multi-gate SOl CMOS. This report
describes our two main tasks regarding multi-
gate research during this project:

Task I: Analytical Quantum Confinement
Model for Short-Channel Gate-All-Around
MOSFETs Under Subthreshold Region [9]

Task 11: A Comparative Study of Carrier
Transport for Overlapped and Nonoverlapped
Multiple-Gate SOl MOSFETSs [23]

Task |

Gate-All-Around (GAA) MOSFET is an
ideal structure to provide superior electrostatic
behavior and is recognized as an important
candidate for ultimate CMOS scaling [2]-[4].
As the channel thickness of GAA MOSFETs
scales down, the quantum confinement effects
become significant. This two-dimensiona
confinement effect is often considered to be
independent of the carrier flow direction (i.e.,
channel length direction). Thus, the quantum



confinement model for long-channel and
undoped cylindrical GAA MOSFETs was
proposed using the flat well approximation [4],
[5]. For short-channel devices, however, the
center of the potential well is altered by the
source/drain coupling due to the short channel
effect and the flat well approximation is no
longer valid. An accurate quantum
confinement model considering the short
channel effects is crucia to GAA MOSFET
design.

In this work, an analytical solution of
Schrodinger equation for short-channel GAA
MOSFET under the subthreshold region is
proposed. The subthreshold behaviors
represent the device electrostatic integrity that
is important for ultra-scaled device design.
Besides the lightly-doped GAA MOSFETS,
our analytical model can also be used for
heavily-doped devices.

Task Il

Multi-gate silicon-on-insulator (SOI)
MOSFET (MuGFET) structures provide
superior electrostatic integrity needed for
MOSFET scaling entering the deca- to
nanometer regime [1]. For MuGFET device
design, source/drain engineering is crucial
because of the parasitic drain/source resistance
[6] and the parasitic fringing/overlap
capacitance that may limit circuit performance
[7]. Two options in the source/drain
engineering are the overlapped structure with
light-doping-drain/source (LDD/LDS) and the
nonoverlapped structure. Whether the various
source/drain  engineering will impact the
carrier transport in nanoscale MUuGFETs
merits examination.

In this work, we conduct a systematic
comparison of carrier transport between
overlapped and nonoverlapped multi-gate SOI
MOSFETs. The investigation has included
measurements from T = 300 K to 56 K.
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1. Analytical Quantum Confinement M odel
for Short-Channel Gate-All-Around
MOSFETs Under Subthreshold Region [9]

Fig. 1 shows a schematic sketch of the
GAA MOSFET structure. The eigen-energy
and eigen-function of channel carriers are
crucia to the quantum confinement effect, and
they can be determined by solving the
Schrodinger equation. The conduction band
edge needed in the Schrodinger equation can
be obtained from the channel potentia
solution of Poisson’s equation. We have
derived the channel potential solution for
GAA MOSFETs in the subthreshold region [§],
and the verification with the TCAD simulation
IS shown in Fig. 2. The channel potentia
solution can be further reduced to the
parabolic form to simplify the solution of the
Schrodinger equation. Thus, the Schrodinger
solutions for short-channel GAA MOSFETs
under the subthreshold region can be
analytically derived [9]. Using the calculated
eigen-energies and eigen-functions, we can
calculate the electron density in the channel.
The impact of quantized eigen-energies and
eigen-functions on the electron density is
incorporated into the effective density of states
for conduction band [10].

Fig. 3 shows the calculated quantized jth
eigen-energy (E;) and the square of jth eigen-
function (|¥;f°) for lightly-doped long-channel
GAA devices, and the results are verified with
TCAD simulation that numerically solves the
self-consistent solution of 3-D Poisson and 2-
D Schrédinger equations [11]. It can be seen
that E; and the difference between two distinct
eigen-energies increase with  decreasing
channel diameter (D). Due to the cylindrica
symmetry in the 0 direction, the E, and E3 are
degenerate because they correspond to the
states of angular quantum number | = 1 and -1.
Similarly, the E; and Es are degenerate. The
results in Fig. 3 can aso be predicted by the
quantum confinement model using the flat



well approximation [4], [5]. For short-channel
lightly-doped GAA devices, however, the
conduction band edge Ec is lowered by
source/drain coupling and is bended from a
flat well to a parabolic-like well (Fig. 4). Since
the Ec is not spatialy constant for short-
channel devices, we choose the Ec a the
channel center (r = 0) as the reference energy.
Fig. 4 shows that the E’s can be correctly
predicted by our anaytica solution
considering the short-channel potential barrier.
Fig. 5(a) shows that the lowest eigen-energy
(E1) increases as channel length decreases.
This eigen-energy shift results from the
bending of Ec due to the short channel effect.
Fig. 5(b) shows that the sguare of lowest
eigen-function (|¥1[?) for short-channel lightly-
doped device is more centralized to the
channel center. This is because the Ec barrier
at the channel center (r = 0) is lower than that
near the insulator/channel interface (r = D/2),
and the electron density becomes larger at r =
0. Fig. 6 shows that the E; increases with Vps.
In other words, the drain-induced-barrier-
lowering (DIBL) increases the Ec bending and
affects the quantum confinement effects.

Our anaytical model can also be used to
assess the impact of quantum confinement on
heavily-doped GAA MOSFETs. Similar to the
lightly-doped short-channel devices, the Ec of
heavily-doped devices can be described by the
parabolic form. In contrary to the upward
bending of Ec in the lightly-doped case, the Ec
bends downward for heavily-doped devices.
Fig. 7 shows that the Ec for long-channel
heavily-doped GAA device shapes the
potential well near the interface (r = D/2).
Therefore, we choose the E¢ at r = D/2 as the
reference energy for long-channe GAA
devices. Fig. 8(a) shows that the E; of long-
channel GAA devices increases with channel
doping. This is because as the channel doping
increases, the surface electric field increases
and hence the bending of Ec at the interface is
increased. As aresult, the E; increases due to
the stronger electrical confinement. Besides, it

can be seen that for heavily-doped channel
(eg., 5x10%cm™), the E; increases with
increasing channel diameter, which is contrary
to the lightly-doped case (e.g., 1x10™cm’®).
This is because for heavily-doped devices, the
electrical confinement becomes stronger with
increasing channel diameter, as shown in Fig.
8(b).

Fig. 9 compares the electron density
distribution calculated from the classical
model [8] and the quantum confinement model.
It can be seen from Fig. 9(a) that for lightly-
doped short-channel GAA MOSFET, the
electron density near the interface (r = D/2)
predicted by the quantum confinement model
is smaller than classicd mode. Fig. 9(b)
shows that for heavily-doped |ong-channel
GAA MOSFET, the peak electron density
predicted by the quantum confinement model
is away from the interface, while the classica
model predicts the highest electron density at
the interface. Fig. 10 compares the average
electron density at y = 0.5L«; calculated from
the classica model and the quantum
confinement one for lightly-doped short-
channel devices. It can be seen that the
discrepancy becomes larger with reducing
channel diameter.

In conclusion, we have proposed an
analytica model for quantum confinement
effects in GAA MOSFETs under the
subthreshold region. The Schrédinger equation
is solved considering the bended potential well
of parabolic form. Our anaytica model
accurately predicts the impact of short-channel
effects on the eigen-energy and eigen-function
of GAA devices. This short-channel quantum-
confinement model is crucia to the ultra
scaled GAA MOSFETs design.



2. A Comparative Study of Carrier
Transport for Overlapped and
Nonoverlapped Multiple-Gate SOl
MOSFETs[23]

Fig. 11(a) shows a schematic view of the
multi-gate SOl MOSFET investigated in this
study. Note that the LDD/LDS implantation
was performed for the overlapped structure
[Fig. 11(c)] and was skipped for the
nonoverlapped structure [Fig. 11(b)]. In this
study, we compare these two types of devices
based on the same effective source-drain
length Lt .

Current-voltage measurements (Ips — Vs)
a Vps =50mV under T =300K to 56K were
performed for the overlapped device 1 with
Wysin = 25nm and Ly = 80nm (Fig. 12) and for
the nonoverlapped device 2 with Wy, = 25 nm
and Lg = 30 nm (Fig. 13). Fig. 12 shows that
the subthreshold swing S for the overlapped
device 1 decreases with temperature. We have
confirmed that the S-T characteristic follows
the Boltzmann law S = n(kgT/q) In (10) with
the body effect coefficient n =~ 1.16. The linear
temperature dependence of S is a feature of
fully depleted SOI [12] and has aso been
observed in trigate SOl MOSFETSs [13]. For
the nonoverlapped device 2, however, the
linear temperature dependence of S can only
be seen when temperature is higher than 223 K
(Fig. 13). For temperature below 223 K, Sis
constant and does not follow the Boltzmann
law. This suggests that for the nonoverlapped
device 2, tunneling current dominates the
fundamental limitation of leakage -current
instead of the thermal current [14]. We have
noted that similar S behavior has been reported
a T < 100 K for the planar nonoverlapped
NMOSFET in [14]. It implies that the leakage
current associated with thermionic emission is
suppressed in our MUuGFET. The insensitive
temperature dependence of Ips can aso be
found in the strong inversion region for the
nonoverlapped device 2 (Fig. 13). In contrast
to that of the overlapped device 1 (Fig. 12), the

Ips for Vgs > 0.6V is nearly independent on
temperature. These results indicate that carrier
transport in the strong inversion region is
determined by the phonon-limited mobility for
the overlapped device 1, but not for the
nonoverlapped device 2. To further compare
the carrier transport characteristics for
overlapped and nonoverlapped devices, we
have investigated channel conductance (Gps =
IDS/VDS) with low Vps. Flg 14 shows the
measured Gps versus Vs characteristics for
the overlapped device 3 with Wy, = 10 nm and
Lg = 60 nm. Significant Gps fluctuations can
beseen a T =56 K [Fig. 14(a)]. Similar Gps
fluctuations have been reported in [15] and
attributed to the intersubband scattering. While
the number of populated subbands increases
with increasing Ves, the intersubband
scattering also increases with each new
subband [16]. In other words, when Vs
increases, the Gps increases due to new
populated subbands and then decreases due to
the mobility reduction (i.e., the increase of
intersubband scattering). Thus, fluctuations
can be seen in the Gps — Vs characteristics.
We have noted that the Gps fluctuations
amost occur a the same Vgs, such as the
spike at Vgs — V1 = 0425V [Fig. 14(a)]. We
have aso noted that for the wider overlapped
devices (i.e., device 1) with negligible subband
splitting, the Gps fluctuations can not be found.

For the nonoverlapped device 2 in the
high Vgs regime, the Gps increases with Vps
and temperature as can be observed in Fig.
15(a) and (b), respectively. Such Vps and
temperature dependence of Gps are completely
opposite to that of the overlapped device 3
(Fig. 14) and cannot be ascribed to the
intersubband scattering effect. In addition, Fig.
15 aso shows interesting fluctuations with
negative differential resistance in the Gps.
Although the Gps fluctuations in Fig. 15 were
observed in the same measurement conditions
as Fig. 14, one can safely state that it does not
result from the intersubband scattering.



Fig. 16 shows the electronic potential
calculated using ISE device ssimulation [17]
for our nonoverlapped device. The
nonoverlapped gate to source/drain regions act
as the voltage-controlled potentia barriers
along the channel. Therefore, carrier transport
from source to drain is significantly influenced
by the barriers asillustrated in Fig. 16: directly
tunneling (1), thermally associated tunneling
(Ip), and thermionic emission (lc). The
contribution of these three mechanisms to Ips
depends on V gs and temperature. For high Vgs,
| is dominant. With decreasing V gs, increased
electronic potential diminishes I, and thus Iy
and I become important. In other words, Ipsin
the subthreshold region results mainly from Iy,
and I for the nonoverlapped device. It isworth
noting that carrier transport by I requires more
therma energy and may be suppressed under
low temperature. Fig. 17 shows the
temperature sensitivity of Ips(Alog(lps)/AT)
versus V gs characteristics extracted from Figs.
12 and 13 under high and low temperatures.
For the nonoverlapped device in the strong
inversion region, the insensitive temperature
dependence manifests the importance of 1,. On
the other hand, the negative temperature
dependence for the overlapped device in the
strong inversion region indicates phonon
scattering. In addition, it can be noted in Fig.
17(a) that Alog(Ips)/AT significantly increases
with decreasing Vs for both overlapped and
nonoverlapped devices. This suggests that in
the high temperature regime the subthreshold
curent of the nonoverlapped device is
dominated by l., similar to the overlapped
device. When temperature decreases, however,
the thermionic emission I is suppressed and
the 1, component with weak temperature
dependence becomes dominant. In other words,
the suppression of I under low temperature is
the man reason of S saturation for the
nonoverlapped device. It should be noted that
such mechanism of S saturation is different
from latera tunneling through the channel, as

presented for ultrashort devices in [14] and
[18].

Fig. 16 aso shows an equivalent quantum
well under the gate in the nonoverlapped
device [14]. It is worth noting that the height
of the voltage-controlled potential barriers in
the nonoverlapped regions increases with Vgs.
The consequence is the plausibility of
electron-wave confined between the barriers.
When the length of the quantum well, d, is
smaller than the inelastic-scattering (e.g.,
phonon scattering) length, the phase-coherent
electron wavefunction over the entire channel
as well as quantum interference between
coherent electronwaves occur. The quantum
interference enhances the electron
backscattering probability [19], [20] and
thereby reduces the conductivity expected
classically. Such guantum correction to the
conductivity is the weak localization effect
[19], [20] and logarithmically dependent on
temperature as Ac = (pe’/nh) In(T), where the
value of p depends on the scattering process.
When T = 56 K, the carriers at Vps = 50 mV
experience more heating (more phonon
scattering) and thus less localization effect
than those at Vps = 1 or 2 mV. Therefore, the
Gps measured at Vps = 50 mV is larger than
that at Vps = 1 or 2 mV (Fig. 15). From the
Gps data at Vps = 2 mV under T = 56 K and
223 K in Fig. 15, we can estimate that p ~ 1,
which is close to the results in [21] for the 2-D
electron gasin S MOSFETSs.

The guantum-mechanical interference for
an electron wave passing through a quantum
well also results in oscillating transmission
probability. Fig. 18 shows the calculated T, for
the quantum well in Fig. 16. The values of d
and (E— €V, ) used in Fig. 18 are based on our
experiments. It is worth noting that the T,
oscillation becomes obvious with increasing
Vgs as well as the depth of the quantum well.
From the T, calculation based on d = 30 nm
and (E — eVp) = 0 -5 meV (Fig. 18), we can
observe three transmission maxima due to
constructive interference (i.e, T, =1) a Vs =



0.2,0.43, and 1 V. When (E — eV, ) increases,
we observed smaller T, oscillations and shifts
in the corresponding transmission maximum.
In other words, the electron energy distribution
may result in group-like T, oscillations as
shown in the groups 1-3 of Fig. 18. We found
that such group-like fluctuations can aso be
seen in the Gn (Gn=dGn/dVgs, Gm=
dipg/dVgs) characteristics in Fig. 19 as well as
in the Gps characteristics shown in Fig. 15(a).
We have noted that nearly every peak in G,
(Fig. 19) can correspond to the peak in Gps
[Fig. 15(a)]. It is worth noting that the G
oscillation of Group 3 is more significant and
wider than that of groups 1 and 2, which is
consistent with the simulation results in Fig.
18. Remind that both the potentia barrier
height in Fig. 16 and Gps fluctuations in Figs.
15 and 19 increase with Vgs. For devices with
the same size, similar G, oscillations can also
be observed and have been presented in our
previous study [22].

In conclusion, we have conducted a
comparative study of carrier transport
characteristics for MUGFETs with and without
the nonoverlapped source/drain structure. For
the overlapped devices, we observed
Boltzmann law in subthreshold characteristics
and phonon-limited behavior in the inversion
regime. For the nonoverlapped devices,
however, we found insensitive temperature
dependence of Ips in both subthreshold and
inversion regimes. Our low-temperature
measurements indicate that the intersubband
scattering is the dominant carrier transport
mechanism for narrow overlapped MuGFETSs.
For the nonoverlapped MUuGFETS, the voltage-
controlled  potentia  barriers in  the
nonoverlapped regions may give rise to the
weak localization effect  (conductance
reduction) and the quantum interference
fluctuations.
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In this project we have conducted
investigation and modeling of sub-32nm
multiple-gate SOI CMOS. We have presented
an analytica model for guantum confinement
effects in short-channdl GAA MOSFETs
under the subthreshold region. In addition, we
have conducted a comparative study of carrier
transport  characteristics for  multi-gate
MOSFEs with and without the non-overlapped
source/drain  structure. Our study will be
instrumental  for ultrascdled multi-gate
device/circuit designs.

Our essential results for the multi-gate
project have been disseminated through
research reports in referred journals [9][23][27]
and international conference proceedings
[24]-[26] as well as used in education of our
graduate students to become leading
researchers in silicon-based nanoel ectronics.
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2009 Silicon Nanoel ectronics Workshop (June 13-14)
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2009 Symposium on VL SI Technology (June 15-17)
(1) Impact of Uniaxia Strain on Channel Backscattering Characteristics and
Drain Current Variation for Nanoscale PMOSFETs (VL SI Symposium)
(2) Investigation of Switching Time Variations for FINFET and Bulk MOSFETS|
Fhwm P using the Effective Drive Current Approach (Silicon Nanoelectronics

Workshop)

(3) Investigation of Mismatching Properties in Nanoscale MOSFETs with
Symmetric/Asymmetric Halo Implant (Silicon Nanoelectronic Wor kshop)
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VLS| Symposium has long been recognized as one of the most important conferencesin
the VLSI field. This year, atotal of 205 papers from 15 countries were submitted, and 82
papers were accepted by the conference. Our paper “Impact of Uniaxial Strain on Channel
Backscattering Characteristics and Drain Current Variation for Nanoscale PMOSFETS” was
presented at the Session 6A - Variability on June 16. The chairpersons were Dr. Masaharafrom
AIST, Japan and Prof. T.-J. King from UC Berkeley. In thiswork, we used a novel generalized
temperature-dependent method to examine the impact of uniaxial strain on backscattering
characteristics in nanoscale PFETs. We showed that the backscattering coefficient can be
reduced by the uniaxially-compressive strain. We further demonstrated that the strain
technology can improve the drain current variation as well as the mismatching properties
through the enhanced ballistic efficiency. Overall our presentation went pretty well.

Regarding the Silicon Nanoel ectronics Workshop, it is one of the magjor international
conferences in the area of nanoel ectronics, bridging between the mainstream CMOS
technology and the Si-based nanotechnology. This is the 14" workshop in series. The program
has included 5 invited talks, 24 oral presentations, and 52 poster presentations. Our paper
“Investigation of Switching Time Variations for FinFET and Bulk MOSFETSs using the Effective
Drive Current Approach” was oral presented at the Session 1 — Nano MOSFETs in the
morning of June 13. The chairperson was Prof. T.-J. King from UC Berkeley. In thiswork, we
investigated the switching time variation for FINFET and bulk MOSFETS using a novel



effective drive current approach in CMOS inverters. Our study indicated that for bulk
MOSFETS, the switching time variation caused by line edge roughness (LER) may be larger
than that caused by random dopant fluctuation (RDF). As for FinFET, athough the impact of
fin-LER is more crucia to the threshold-voltage variation, the relative importance of gate-LER
increases as the switching time variation is considered. Our presentation went smoothly and
attracted severa questions. Besides, we had one poster presentation addressing the impact of
asymmetric halo implant on the mismatching properties of nanoscale MOSFETS.

L NS

From the presentations in the VLSI Symposium and Silicon Nanoel ectronics Workshop,
we can see several trends for the VL SI field. First, the 3D system integration technology is
becoming increasingly important for future technology generations. Thisis because 3D
integration may provide capabilities to integrate heterogeneous technologies as well asto
improve the system power efficiency, as demonstrated by the Intel’s high-performance floating
point system prototype with 3D integrated SRAM. Besides the 3D integration, we can see the
challenges facing CMOS lie mainly in Performance, Power, and Variability. To overcome
these challenges, new materias (e.g., high-K dielectrics and Ge channel) and new device
structures (e.g., FINFET and nanowire) are gaining more and more research efforts from both
the industry and academia. Indeed, our 3 papers for the VLSI Symposium and Silicon
Nanoel ectronics Workshop this year have mainly addressed the problems related to Variability.
We appreciate the support from National Science Council that makes our dissemination of
research results in Kyoto possible, and we will keep working diligently in thisimportant area.
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Impact of Uniaxial Strain on Channel Backscattering Characteristics and Drain
Current Variation for Nanoscale PMOSFETs
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Abstract—Using an improved temperature-dependent method,
this paper clarifies that channel backscattering of nanoscale
PMOSFETs can be reduced by the uniaxially compressive
strain. For the first time, the electrostatic potential of the
source-channel junction barrier has been experimentally
characterized with strain and gate voltage dependence. We
further demonstrate that the strain technology can improve the
drain current variation as well as the mismatching properties
through the enhanced ballistic efficiency. Moreover, the
improvement shows gate length and drain voltage dependence.

I. INTRODUCTION

Channel strain engineering has been actively pursued to
enable the mobility scaling of CMOS devices. As the gate
length (L,) scales into the nanoscale regime in which the carrier
ballistic transport prevails [1-2], strain-induced enhancement
becomes more complicated [3-4]. Characterizing nanoscale
strained MOSFETs from the perspective of channel

backscattering (7,,,) becomes crucial to strain engineering [4-6].

However, it has been reported that uniaxially compressive
strain tends to increase the r,, of PMOSFETSs [5-6]. The reason
is not clear and needs to be clarified. In addition, the impact of
uniaxial strain on the drain current variation has rarely been
known and merits investigation.

In this work, we examine the impact of uniaxial strain on
backscattering characteristics in nanoscale PFETs and
demonstrate that ry, can be reduced by the uniaxially
compressive strain. Besides, impacts of strain on the
electrostatic potential of the source-channel junction barrier
(Fig. 1) and the non-threshold-voltage drain current variation
(Fig. 2) are experimentally investigated for the first time.

II. CHANNEL BACKSCATTERING CHARACTERISTICS

The strained devices were fabricated by state-of-the-art
process-induced uniaxial strained-silicon technology featuring
SiGe source/drain and compressive contact etch stop layer
(CESL) (Fig. 1) [5-8]. Fig. 3 shows that the saturated drain
current (/) and the linear drain current (/) of the strained
device are improved by 2.1X and 2.9X as compared with its
unstrained counterpart, respectively.

According to the channel backscattering theory [2-3], 7y
depends on the mean-free path 4 and the critical length / as ry,
= 1/(1+4/]) [3]. To obtain ry, we extracted A/l using the
self-consistent method [9], in which A/ and (f,-f;) can be
self-consistently determined by (1) & (2):

2 20+ (B, =B )1
7= 3 -2 (1
0 7 @yt [TV 14 g + @V OV g5 Vi) ’
B
im 2k Tty [L] ' ,{T'*(ﬁ,ﬁﬂ/)’r (2)’
L qOserm \ kT

where f,, ; and y are defined as the temperature sensitivity of
the low-field mobility uy, the critical length / and the thermal
velocity vgem, respectively [10,11]. Contrary to the pervious
studies in [5,6,10,11], this self-consistent method [9] does not
assume constant 5, and f; in the determination of A// and ry,
(e.g., . =-1.5 and f; = 1 in (1)). Fig. 4 shows significant
discrepancy in the extracted A/ between the self-consistent
(B,-B) and (B,-f)) = -2.5. Note that the temperature dependence
of 1/ can satisfy the constraint of Eq. (2) for the self-consistent
(B,-B1), but not for (B,-f) = -2.5. Fig. 5 shows that the
self-consistently extracted (f,-f) and r, are strongly
dependent on V,. Note that the self-consistently extracted
(B,-B1) (Fig. 5(a)) presents more phonon-limited behavior (i.e.,
more temperature- sensitive) for the strained device, similar to
the measured /,,, in Fig. 3(a). However, the assumption of
(B,-B1) = -2.5 results in insensitive 7.~V dependence and
completely opposite strain effects on 7y,
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The reduced 7y, in the compressive-strained PFET (ry,, for
self-consistent (f,-f;) in Fig. 5(b)) can be referred to the
enhanced 4 (Fig. 6(b)), which can be extracted from [3]

Lyw Ve =V a/2k,TYA/ (4 L)) 3

Vilias Uy V(=[5 7,) (3)-
Besides, we have confirmed that the enhancement of effective
mobility ¢ and v, (Figs. 6(c) and 6(a)) follows the relation of
A o 2kTitg/quimerm) [10], 1.e., 1.9X (4 enhancement) ~ 3.3X (u
enhancement) / 1.5X (vyer, enhancement). The strain effect on
the enhancement of 1/m* and the relaxation time 7 can also be
obtained: ~2.3X from (0erm enhancement)2 and ~1.3X from (4
enhancement)/(v., enhancement), respectively. In addition,
we further extracted the critical length / by 7y, = 1/(1+1/]). Fig.
7(a) shows the potential -kpT/g vs. (Ir-Iyz3x) characteristics,
which can be viewed as the potential gradient of the
source-channel junction barrier (Fig. 1). It is clear that more
backscattering events for the unstrained device with smaller 4
raise the electrostatic potential to higher energy to maintain the
same carrier density, as predicted in [12]. Moreover, the Vi
dependence of the potential gradient in Fig. 7(b) explains the
Vs dependence of ry, for the self-consistent (8,-f;) in Fig. 5(b).

ITI. DRAIN CURRENT VARIATION & BALLISTIC EFFICIENCY

A simple expression relating 7, of nanoscale MOSFETSs to

My has been derived by Lundstrom [3] as

31y /14 = (8o /10 N1~ B) 4),
in which the sensitivity of 7, to 4 is determined by the ballistic
efficiency B. Eq. (4) reveals that the impact of the y variation,
o)/ 1y, on the 1, variation, 6(Z;s4)/ ;s> can be suppressed
when the ballistic efficiency B is enhanced. To ensure that the
Vr variation does not affect the following analysis, we have
confirmed in Fig. 8 that the standard deviation of V7, o(Vy), as
well as the V7 variation, 6(V7)/Vr, are similar between strained
and unstrained devices. The linear dependence of 6(1; )/ Ly sar
on o(p)/ py presented in Fig. 9 follows the prediction of Eq. (4),
in which the slope represents the degree of ballistic efficiency
B. The reduced slope for strained PFETs (Fig. 9) can be
eXplalned by the Bsar enhancement (Bsatst)amed'Bsat unsrrazned) (Flg
10). It is worth noting that the suppression of 6(1;u)/Lssa the
B, enhancement and the x# enhancement are more significant
with decreasing L,. Besides, we found that the B enhancement
decreases with decreasing Vy, (Fig. 11), which may be referred
to the relation of B ~ A/(L+A) for low Vi, ie., the 4
enhancement is not important for A/(L+1) as L >> A. Such Vy
dependence of the B enhancement results in the weak
suppression in the o(/,)/1; vs. o(uy)/ 1y characteristics measured
at V= 0.3 V (Fig. 12).

Statistics on the mismatch in drain current (4/;) and
threshold voltage (4V7) were analyzed for identical devices in a
matching pair configuration on 60 dies (Fig. 13). Fig. 14 shows
that the drain current mismatch in the high gate bias regime is
dominated by the non-V7 mismatch. Moreover, improved
matching performance for strained PFETs can be observed in
Fig. 14 and Fig. 15. It is worth noting that the reduction of
o(41,/1,) for strained PFETs (Fig. 15) is more significant for
[Va| =1V than for |V = 0.05 V. This result can be understood
from the V,, dependence of the B enhancement (Fig. 11).

IV. CONCLUSION

Using an improved temperature-dependent method, we
have shown that the ry, of nanoscale PMOSFETs can be
reduced by the uniaxially compressive strain. For the first time,
the electrostatic potential of the source-channel junction barrier
has been experimentally characterized with strain and Vi,
dependence. We further demonstrate that the strain technology
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can improve the drain current variation as well as the
mismatching properties
efficiency. Moreover, the improvement shows L, and Vg

dependence.
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Introduction

With MOSFET scaling, the impact of random dopant
fluctuation (RDF) and line edge roughness (LER) on the
threshold voltage (Vy,) variation for MOSFETs is growing and
being extensively examined [1-4]. For logic circuits, the
variation of signal switching time due to RDF and LER is
especially important. Whether there is any gap between Vy, and
switching time variations merits investigation. In this work, we
investigate the switching time variation for FInFET and bulk
MOSFETs using the approach of effective drive current in
CMOS inverters [5].

Methodology

We decouple the switching time (ST) variation into
transition charge (AQ) variation and effective drive current (L)
variation. The ST can be defined as AQ / I [6], where AQ is the
transition charge between logic “ON” and “OFF” states. The AQ
for an NFET can be calculated by Q, (Vgs = Vpp, Vps = 0.05 V)
— Qn (Vgs = 0V, Vps = Vpp). The I for an NFET can be
approximated as [Ips (Vgs = Vpp, Vps = 0.5Vpp) + Ips (Vgs =
0.5Vpp, Vps = Vpp)] / 2 [5]. Therefore, in contrast to the
time-consuming mixed-mode transient simulation, only DC
simulation for a single device is needed to derive AQ and I.
More importantly, the effective current approach may provide
physical insights in the assessment of the switching time
variations.

To assess the RDF in bulk MOSFETs, we have carried out
the atomistic device simulation using the Monte Carlo approach
[2]. To avoid the charge trapping in the sharp Coulomb potential
well and hence the mesh size dependences of the simulation
results, we have employed the density gradient method in our
atomistic simulation [7]. Fig. 1(a) shows a sample used in our
RDF atomistic simulation for bulk devices. To assess the LER,
the line edge patterns were derived using the Fourier synthesis
approach [3], and then the Monte Carlo simulation was
performed. Fig. 1(b) shows a sample used in the LER
simulations for bulk devices. The multi-gate structure we study
in this work is the lightly doped FinFET with aspect ratio = 2
[Fig. 2(a)]. The gate-LER and fin-LER are considered as
independent variation sources for FInFET [4]. Fig. 2(b) and (c)
show samples used in our Monte Carlo simulations for gate- and
fin-LER for FinFET, respectively.

Results and Discussion

Bulk MOSFET

Fig. 3(a) compares the impacts of RDF and LER on the
saturation threshold voltage (Vs variations of bulk
MOSFET:. It can be seen that the standard deviation of Vi, g
(0Vihsa) due to RDF is larger than that due to LER.
Nevertheless, Fig. 3(b) shows that the standard deviation of ST
(oST) due to LER is larger than that due to RDF. Since ST = AQ
/ L, the normalized standard deviation of ST (6ST / uST) can
be approximated as [6ST / uST| = |cAQ / PAQ - olegr / plegd,
where puST, pAQ and pl.g are the mean values of ST, AQ and L,
respectively. Fig. 4 shows the [6ST / uST|, [cAQ / pAQ)|, and
|oletr / Wleq] (normalized standard deviation of ST, AQ and I,
respectively) caused by RDF and LER. It can be seen that the
|oST / uST| due to RDF is roughly equal to the difference of
|oletr / pleg and |6AQ / pAQ| due to RDF. However, the |oST /
pST| due to LER is roughly equal to the sum of |ol.¢ / ples and
|oAQ / pAQ| due to LER. The results in Fig. 4 can be explained
as follows. The impact of RDF on MOSFETs stems from the
variation of the effective channel doping (Nep.s). For devices
with smaller N, o, the Vi, is smaller and hence both L. and AQ
are larger because they are roughly proportional to (Vgs - V).
Thus, I and AQ are positively correlated [Fig. 5(a)]. Therefore,

|oST / uST] is roughly equal to the difference of |cAQ / pAQ)]
and |ol / pleq| because the quantities of cAQ and ol have the
same sign. In other words, the impacts of RDF on AQ and I
are mutually canceled and |[cST / uST] is reduced.

The impact of LER on bulk MOSFETs results from the
variation of the effective channel length (L.g). For devices with
shorter L., the Vi, is smaller because of the short channel effect
and hence the L is larger. As for AQ, devices with shorter L.
possess smaller AQ because AQ is proportional to the gate area
(W X Leg). Thus, I and AQ are negatively correlated [Fig.
5(b)]. Therefore, |oST / uST| is roughly equal to the sum of
|oAQ / pAQ| and |ol.gr / pleg] because the quantities of cAQ and
ol have the opposite sign. In other words, the |[6ST / uST| is
larger than either |cAQ / pAQ)| or |oleg / plegl. Fig. 6 indicates
that the relative importance of LER for switching time variation
is larger as compared with that for Vy, variation.

FinFET

Fig. 7(a) compares the impacts of gate-LER and fin-LER
on Vi, variations of FInFET. It can be seen that 6Vy, i due to
fin-LER is larger than that due to gate-LER. Nevertheless, Fig.
7(b) shows that 6ST due to gate-LER is larger than that due to
fin-LER. Fig. 8 shows the |oST / uST|, [cAQ / pAQ|, and |oles /
pleq| caused by gate-LER and fin-LER. The |6ST / uST| due to
gate-LER is roughly equal to the sum of |ol.q / pleg] and |cAQ /
pAQ|. This is because I and AQ due to gate-LER are
negatively correlated [Fig. 9(a)]. However, the |6ST / uST| due
to fin-LER is roughly equal to the difference of |cl.s / plen| and
|cAQ / pAQ)|. The impact of fin-LER on FinFET stems from the
variation of the effective fin width (Wg,). For lightly devices
with smaller Wg,, the Vy, is larger because of the suppression of
short channel effect [1] and hence the I is smaller. As for AQ,
devices with smaller Wy, possess smaller AQ because AQ is
proportional to the gate area. Thus, the I and AQ are positively
correlated [Fig. 9(b)]. The impacts of fin-LER on AQ and L are
mutually canceled and |6ST / pST| is reduced. Fig. 10 indicates
that the relative importance of gate-LER for switching time
variation is larger as compared with that for Vy, variation.

Conclusions

We have investigated the impact of LER and RDF on
switching time variations of bulk MOSFETs and FinFET using
the effective drive current approach. The ST variation can be
decoupled into AQ variation and I variation. Our results
indicate that for bulk MOSFETs, the ST variation caused by
LER may be larger than that caused by RDF. Although RDF has
been recognized as the main variation source to Vy, variation,
LER becomes more crucial to the ST variation of bulk
MOSFETs. As for FinFET, although the impact of fin-LER is
more crucial to Vy, variation, the relative importance of
gate-LER increases as the ST variation is considered. Our study
may provide insights for device and circuit designs using
advanced CMOS technologies.
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Introduction

With the scaling of device dimensions, the device
mismatching that stems from stochastic fluctuations is becoming a
concern for nanoscale MOSFETs [1-3]. Especially, the high
concentration halo/pocket implant raises a great concern to the
threshold voltage mismatch caused by random dopant fluctuation
(RDF) [4-7]. In addition, the asymmetric halo implant structure
(with source-side only) has been proposed to suppress the
drain-induced threshold shift (DITS) [8]. Nevertheless, the impact
of asymmetric halo implant on device mismatching properties has
rarely been examined and merits investigation. In this work, we
investigate the mismatching properties of symmetric and
asymmetric devices using experimental measurement and
atomistic device simulation.

Measurement and Simulation

The mismatching properties were measured from identical
devices in a matching pair configuration on 60 dies and 40 dies
for bulk and partially depleted (PD) SOI devices, respectively.
The threshold voltage (V) was determined by the
constant-current method, and current factor (f) was determined by
the maximum slope method.

To access the impact of symmetric/asymmetric halo implant
on the RDF in MOSFETs, we have carried out the atomistic
device simulation (from 150 samples) using the Monte Carlo
approach [6]. To avoid the charge trapping in the sharp Coulomb
potential well and hence the mesh size dependence of the
simulation results, we have employed the density gradient method
in our atomistic simulation [7].

Results and Discussion

A. Impact of Symmetric Halo Implant on V,;, Mismatch

Fig. 1 (a) and (b) show the Pelgrom plot of measured V7,
mismatch (cAV,,) for bulk PFETs and NFETs, respectively. The
gate width W= lpm and gate length L, ranges from 54nm to
1um. From Fig. 1, it can be seen that the measured cAV/, saturates
to a finite value as L, increases, instead of linearly decrease with
(WLgate)'l/z. The deviation of the measured cAV,, from the linear
relationship between oAV, and (WLg,,,e)'” 2 expected from the
RDF theory [9] implies a fluctuation source that remains as Lgg.
increases. This phenomenon can also be observed for the PD SOI
devices shown in Fig. 2.

The anomalous 7y, fluctuation present in Figs. 1 and 2 can
be reproduced by the device simulation (Fig. 3). From the surface
potential profile in Fig. 4, it can be seen that potential barriers
exist in the halo regions. The potential barrier plays an important
role in determining the device V,;, and thus the ¥, fluctuation [4,
10]. In other words, the V), fluctuation of the halo-implanted
device is mainly determined by the RDF in the halo-implanted
region and is less sensitive t0 Ly, as Ly, increases.

B. Comparison of Vy Mismatch for Asymmetric and
Symmetric Devices

While the symmetric device suffers from the DITS [8], the
asymmetric halo implanted structure (with source-side implant
only) has been proposed and shown higher immunity to DITS
(Fig.5). Nevertheless, Fig. 6 indicates that the oAV, of the
asymmetric device is larger than that of the symmetric device. The
device simulation results in Fig. 7 also show larger ¥, fluctuation
for the asymmetric one. The larger V,, fluctuation present in the
asymmetric device can be attributed to the smaller potential
barrier region as compared with the symmetric counterpart, as
demonstrated in Fig. 8.

C. Comparison of p Mismatch for Asymmetric and
Symmetric Devices

Fig. 9 shows the measured Pelgrom plot of o(Af)/f for
symmetric and asymmetric devices. It can be seen that the 6(AS)/S
of the asymmetric device is larger than that of the symmetric one.
Fig. 10 further indicates that the larger 6(AB)/p results from the
larger o(Ap) present in the asymmetric device. To further
understand the enhanced 6(A) in the asymmetric device, we have
performed low frequency noise measurements. This is because
carrier mobility fluctuations show their presence in the low
frequency noise characteristics. Through a careful extraction, we
found that the Hooge parameter [11], which represents the degree
of mobility fluctuations, is larger for the asymmetric device as
compared with the symmetric one (Fig. 11). It is plausible that the
larger o(AP) results from the larger mobility fluctuation present in
the asymmetric device.

Conclusions

We have investigated the mismatching properties in
nanoscale MOSFETs with symmetric/asymmetric halo implant.
We show that the V;, mismatch is mainly determined by the RDF
in the halo-implanted region, and the Vj,, mismatch for the
asymmetric device is larger than that of the symmetric one.
Besides, the asymmetric device shows larger o(Ap)/f which
results from larger o(Ap). It is plausible that the larger o(Ap)
results from larger mobility fluctuation present in the asymmetric
device.

Acknowledgement

This work was supported in part by the National Science Council
of Taiwan under Contract NSC97-2221-E-009-162, and in part by
the Ministry of Education in Taiwan under ATU Program.

References

[11 F.Boeufetal., I[EEE TED, vol.55, no.6, p.1433, Jun. 2008.
[2] A.Bhavnagarwala et al., [EDM Tech. Dig., p. 675, 2005.
[3] A. Asenov etal., IEEE TED, vol. 50, no. 5, p. 1254, 2003.
[4] T. Tanaka et al., IEDM Tech. Dig., p.271, 2000.

[5] J.B.Johnson et al., [EEE EDL, vol. 29, no. 7, p. 802, 2008.
[6] D.Frank et al., VLSI Symp., p.169, 1999.

[71 G.Roy etal., IEEE TED, vol. 53, no. 12, p. 3063, 2006.
[8] A. Chatterjee et al., VLSI Symp., p. 147, 1999.

[9] T.Mizuno et al., IEEE TED, p.2216, 1994.

[10] A. Cathignol et al., [IEEE VLSI-TS4, p.167, 2008.

[11] F.N. Hooge, I[EEE TED, vol. 41, no. 11, p. 1926, Nov. 1994.



Surface Potential (V)

Surface Potential (V)

Surface Potential (V)

Surface Potential (V)

Fig. 4 Surface potential along the
channel (from 10 samples) for (a)
Leae=150nm and (b) Lgue=500nm.

0.6 Sy'mmetric'; device
04 L =150nm

0.2

0.0
Yo w0 0 50

Channel position (nm)

0.6 Asymmetric device
0.4
0.2
0.0 b

%00 50 0 50

Channel position(nm)

Fig. 8 Surface potential along the
channel (from 10 samples) for (a)
symmetric, and (b) asymmetric
devices.

100

Fig. 5 Measured Vipjin-Vinsat
versus Ly, for symmetric and

asymmetric halo-implanted
devices.
5 T T
B Symmetric
4 O  Asymmetric
PDSOI o
NFET =
3t [V [=0.05V o i
W=1.4um
2t ]
1+ ]
o 1 1
0 1 2 3
(WL, )™ (um)

gate

Fig. 9 Pelgrom plot of o(AS)S
showing larger o(AB)/f for the
asymmetric device.

Fig. 6 Pelgrom plot of measured
6AVy, for the symmetric and
asymmetric devices.

1.0 . . . . 1.0 . . . . 1.0 . . . . 50 . . .
Bulk Bulk PDSOI Vd=0.05V
/
sl PFET ) o8l NFET g | o8l NFET ) oL W=0.2um |
IV [=0.05V , IV,I=0.05V , [V,|=0.05V -/ t =2nm ,/
/
& [ W=1um | e [ W=tum / s [ W=14um , > e
2 osl A - X1 o’ 1 2 o6l LA 30| b )
o , o ,/ o , < n
gl v ko] o, kel e c |
0] 4 ] 4 Q ’ ~ ] ,
N n’ N ’ N , £ /
T 04l " 1 5 o04f o ., {1 T o04f - 1 >" 20t . .
g u ’/ g (o] // g 4 ’ © &,
s | s : g -
// 4 7
0.2 L (a) 1 0.2 /// (b) 1 0.2} '/,’ ] 101 }’s S5E18 |1E18 | 5E18| D|‘
7 Vi 4
/// ,/ /// /,/ — —
0.0 ) ) ) ) 0.0 7 X X X X 0.0 X X X X ok ‘Lh=50nm ) Lh=50n(n
1] 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 2 4 6
-1/2 -1 172 -1 112 -1 _ R
(WLye) ™ (k™) (WL, )™ (um™) (WL, )™ (um™) WL )" (um™)
Fig. 1 Pelgrom plot of measured cAVy, for (a) bulk PFET and Fig. 2 Pelgrom plot of measured Fl\%‘ ? Pl:: lfliolr\lan"ll? tT(l)lf s¥mu}ateg
(b) bulk NFET. GAVy, for PD SOI NFET. Vi for bu 1. The simulate
device structure is shown in the
inset.
T T 1.0 T T T T T T T
PDSOI m  Symmetric PDSOl m Symmetric sol ; if‘?gg gzmr:rﬁgﬁl)
| NFET 0 Asymmetric| | NFET O Asymmetric v _0_05\/ Y
1 W=1.4pm 4 v,|=0.05v 1 “ [V,I=0.
| 3 r W= ]
. [ W=14um ’ W=0.2um
s ’ t =2nm onm
» 12 o6 o M q1_ |™ 0 © m
3 u - . z ¥ ° n 1
Channel position (nm) 5 o 9 °c ~ u
——— T 02f L] 1% 04f © P 1> ..
06 =500nm 1 = £ , o 20f sto i
ate > 5 »
0.4 S v. T o z ,
02} 1 oar g wi 02 W) 1 0l | s|5E18 |1E18 | x | D|<
// —p —>
0.0 - T o o o L L,=50nm L,=50nm
-0.2 ; ; . . . 0'8 01 0.1 1 09 1 2 3 4 % 2 4 6
300 200 100 0 100 200 300 : : . ) s " )
Channel position (nm) Lgaie(hm) (WL,,)) ™ (um™) (WL, )" (um™)

Fig. 7 Pelgrom plot of simulated
oAV, for the symmetric and
asymmetric devices. The simulated
device structure is shown in the
inset.

1.0 10° . .
B Symmetric PD SOI
O Asymmetric o 10"t NFET J
08 L_ =216nm
PDSO' | gate
= NFET S 102%L 4
2 o6 |V, [=0.05V ‘qES Asymmetric
©
W=1.4um © L J
3 W 5 107 o
N o [
© 04f o
£ 10t WHm ©0%00]
o ] u [}
=z I
0.2 . Em
107
Symmetric
0.0 . L 6 L L
0 1 2 3 100.0 0.4 0.8 1.2
-1/2 -1
(WL_,.) ™ (um") Ve V)
Fig. 10 Pelgrom plot of o(Ap) for Fig. 11 Hooge parameter versus
the symmetric and asymmetric |V, for the symmetric and
devices. asymmetric devices with  Lgue

=216nm.



	ConferencePapers_e.pdf
	ConferencePapers_e.pdf
	T6A-2.pdf
	Main Menu
	Previous
	Text Search




