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Abstract

This thesis provides a comparative study of carrier transport characteristics for
multiple-gate silicon-on-insulator 4 (SOI)  metal-oxide-semiconductor field-effect
transistors (MOSFETs) with and without ‘the' non=overlapped gate to source/drain
structure. For the overlapped devices; weé-observed the Boltzmann law in subthreshold
characteristics and phonon-limited behaviorin the inversion regime. For the
non-overlapped devices, however, we found insensitive temperature dependence for
drain current in both subthreshold and inversion regimes. Our low-temperature
measurements indicate that the inter-subband scattering may be the dominant carrier
transport mechanism for narrow overlapped multiple-gate SOl MOSFETs (MuGFETs).
For the non-overlapped MuGFETs, the voltage-controlled potential barriers in the
non-overlapped regions are crucial and may give rise to the conductance reduction and
fluctuation.

Besides, we systematically present controlled single-electron effects in the
non-overlapped MuGFETs with various gate length, fin width, gate bias and

temperature. Our study indicates that using the non-overlapped gate to source/drain
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structure as an approach of the single-electron transistor (SET) in MOSFETs is
promising. Combining the advantage of gate control and the constriction of high
source/drain resistances, single-electron effects are further enhanced using the
multiple-gate architecture. From the presented results, downsizing MuGFETs is needed
for future room-temperature SET applications. Besides, the tunnel barriers and access
resistances may need to be further optimized. Since single-electron effects can be
achieved in state-of-the-art MOSFETs, it is beneficial to build SETs in low-power
complementary metal-oxide-semiconductor (CMOS) circuits for the ultrahigh-density
purpose.

In addition, we have assessed the validity, limitation, and application of
experimental channel backscattering extraction. Our study indicates that the difficulty of
the temperature-dependent method+lies in accurate determination of the temperature
sensitivity of low-field mobility: (), critical length-(/) and thermal velocity (Vsmerm)-
Through our proposed self-consistent approach,-channel backscattering can be extracted
without assuming A = (2kgTuo/qoshenn)s b= kgTlength, 1y = low-field mobility, and the
non-degenerate limit. Using the generalized temperature-dependent method, we have
clarified that channel backscattering of nanoscale p-type MOSFETSs can be reduced by
the uniaxially compressive strain. Moreover, we have experimentally extracted the
electrostatic potential of the source-channel junction barrier with accurate strain and
gate voltage dependence. We have demonstrated that the strain technology can improve
the drain current variation as well as the mismatch properties through the enhanced
ballistic efficiency.

Moreover, we have investigated anomalous inversion capacitance-voltage (C-V)
attenuation for MOSFETs with leaky dielectrics. We propose to reconstruct the

inversion C-V characteristic based on long-channel MOSFETs using the concept of
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intrinsic input resistance (R;;). The concept of R; has been validated by segmented
SPICE (Simulation Program with Integrated Circuit Emphasis) simulation. Our
reconstructed C—V characteristics show poly-depletion effects, which are not visible in
the two-frequency three-element method, and agree well with the NCSU CVC (C-V
analysis software developed by the North Carolina State University) simulation results.
Due to its simplicity, our proposed R; approach may provide an option for regular

process monitoring purposes.

Keywords: MOSFET, Quantum interference, single-electron, ballistic transport,

backscattering, capacitance
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Chapter 1

Introduction

1.1 Background and motivation

Regarding conventional silicon metal-oxide-semiconductor  field-effect
transistors (MOSFETSs), the device size is scaled in all dimensions, resulting in smaller
oxide thickness, channel length, and channel width. Currently, 45 nm (with a physical
gate length ~30 nm) is the state-of-the-art process technology, but even smaller
dimensions are expected in the future [1]. For example, bulk silicon MOSFETs with the
10-nm physical gate length have been demonstrated by the Intel Corporation [2]. As the
device size is scaled, not only deyvice speed:(ize., circuit performance) is enhanced but
also the cost and the consuming power can be reduced. To continue the scaling trend,
multiple-gate silicon-on-insulator (SOI) MOSFETs are considered as a promising
candidate for ultra-scaled complementary metal-oxide-semiconductor (CMOS) devices
[3]. It has been reported that excellent subthreshold characteristics can be achieved in
the nanowire FinFET with the 5-nm physical gate length [4].

It is important to point out that the exponential growth in integrated circuit
complexity, which has seen a hundred-million-fold increase in transistor count per chip
over the past forty years, will be finally facing its limits. One reason is that critical
dimensions, such as transistor gate length L, and oxide thickness t,,, are reaching
physical limitations. Besides, maintaining dimensional integrity at the limits of scaling
is also a challenge. Although these manufacturing issues may be overcome by
introducing novel materials (e.g., high-k dielectric, germanium channel) or

state-of-the-art technologies (e.g., process induced uniaxial strain) for continual



performance enhancement, fundamental device-physics issues may still restrict the
device performance enhancement [5]. Several examples are listed as follows:

First, it has been presented in [6] that quantum-mechanical tunneling current
from the source to the drain may limit the device performance for ultra-scaled-L,
devices. The insensitive temperature dependence of subthreshold characteristics
indicating the tunneling current between the source to the drain was observed for the
8-nm-L, MOSFET [6]. Such a tunneling current is starting to dominate instead of the
thermal current and makes it difficult to obtain sufficiently high on/off current ratio
when L, is reduced.

Besides, significant quantum-mechanical tunneling current through the gate
dielectric drastically increases with thinning oxide thickness [6]. The consequences are
not only the increasing stand-by power "dissipation but also the distorted
capacitance-voltage (C—V) characteristics '[7). Note- that C—V measurements are a
fundamental characterization technique for-MOS devices. Accurate determination of
device capacitance is critical for oxide:thickness extraction [8], metallurgical channel
length determination [9], mobility measurement [10] and interface trap characterization
[11].

Quantum-mechanical confinement effects are expected for the size smaller than
15 nm and may impact carrier transport. In [12], evidence of one-dimensional subband
formation was observed at low temperature in tri-gate SOl MOSFETs, resulting in
oscillations of current-voltage characteristics. It is worth noting that such
quantum-mechanical effects on current-voltage characteristics can directly impact
carrier mobility at room temperature [13]. The inter-subband scattering significantly
affects the carrier mobility and results in the negative resistance and the dynamic

mobility behavior.



For nanoscale MOSFETs with effective channel length so short comparable to de
Broglie wavelength, the quantum interference phenomenon stemmed from the wave
nature of channel electrons can occur and impact the transistor characteristics [14].
Strictly speaking, quantum interference occurs when device size and elastic scattering
length are smaller than or approximately equal to the “phase coherence length” (i.e.,
inelastic scattering length) of carriers. This phase coherence length is the distance a
carrier travels before it encounters a phase-randomizing collision, which effectively
destroys its quantum mechanical wave nature and restores classical (particle-like)
behavior [15]. The wave nature of carriers will give rise to conductance fluctuation due
to the elastic scattering center, such as trapped charges [14], ionized atoms [16], electric
potential barriers [17]. Besides, when the quantum interference prevails, the Anderson
localization effect can result in conductance loss|18].

Moreover, the single-electron effect due to Coulomb blockade may also become
increasingly significant with scalihg €CMOS. devices because the number of charges in
such small size is rare [19]. The phénomenon of single-electron tunneling was first
predicted by Russians scientist Likharev in 1986 for a small tunnel junction, which is
essentially a small capacitor with a capacitance C. For the small capacitor, the charge Q
and the corresponding charging energy AE are discrete and relate to C as AE = Q*/2C
[20]. Carrier transport through such a small capacitor is determined by the discrete AE
and shows periodic oscillations in current-voltage characteristics. Due to the innovation
of semiconductor technology, the studies of single-electron phenomena associated with
tunneling in semiconductor nanostructures [21], bulk CMOS devices [22], SOI
MOSFETs [23] and nano dots [24] have emerged.

Furthermore, the continuous scaling down of MOSFETSs has made possible to

realize devices with L, comparable to the carrier transport mean-free-path. In these



structures, carrier motion can be ballistic [25][26], i.e., a carrier can traverse the entire
structure from one end to the other without suffering any collision with other carriers,
elastic centers, and inelastic phonon. When this happens, the motion of carriers can not
be described adequately by the concept of the effective mobility. In [27], the
convenience of the effective mobility was challenged especially for a nanoscale
MOSFET under high drain bias where off-equilibrium transport dominates. Besides, the
performance of nano-scaled devices becomes more complicated to predict just relying
on the concept of the effective mobility [28].

From the above examples one may say that the amazing progress of CMOS
technology leads to a significant evolution of the mechanisms of carrier transport in
nanoscale MOSFETs, and may also affect the basic principles of device scaling and
optimization. Therefore, the purpose of this thesis is to explore further into mechanisms
of carrier transport in nanoscale MOSFETs as. well as to investigate innovative
applications based on state-of-the-art CMOS. devices.

In addition to manufacturing and fundamental device-physics issues, there is
still a challenging task to characterize important device parameters (e.g., L, and gate
capacitance C,) of nanoscale MOSFETs using conventional extraction methods
(top-down approaches). For example, the applicability of conventional effective channel
length L.s extraction methods [29][30] is questioned because of the non-ohmic
gate-underlap [31]. Moreover, the geometry-dependent parasitics associated with the
3-D topography of nonplanar devices [32] may result in difficulty in the observation of
intrinsic C, by traditional C—V based measurements. Therefore, the feasibility of using
the mesoscopic phenomena (buttom-up approaches) to determine important device

parameters for nanoscale MOSFETs merits investigation.



1.2 Organization

This dissertation includes six chapters.

In Chapter 1, the background and the motivation of this thesis are reviewed.

In Chapter 2, we conduct a systematic comparison of carrier transport between
overlapped and non-overlapped multiple-gate SOI MOSFETs (MuGFETs). The classical
current-voltage and mesophysical characteristics have been investigated for devices
with effective channel length L.z = 50 to 60 nm and fin width Wy, =5 to 25 nm at T =
300 to 56 K. Several mesophysical characteristics, including quantum-mechanical
confinement effects [12][13], quantum-mechanical interference effects [33],
single-electron effects [34], variable range hopping conductance [25] and universal
conductance fluctuations [35], are systematically examined. In addition, a new approach
of Ly extraction is developed based-on the quantum=mechanical interference effects.

In Chapter 3, we further: demonstrate-‘controlled single-electron effects in the
non-overlapped MuGFETs [34] through -a comprehensive investigation for the observed
single-electron effects. Then, we systematically present single-electron effects for
devices with various gate length (L,), fin width (Wy,), gate bias (Vs), body doping (Np)
and temperature [36]. The impact of access resistances [23], the estimation of gate-dot
coupling strength [37] and phenomena of split-peak separations [38] are discussed.
Besides, we demonstrate that the gate capacitance as well as source/drain capacitance
can be extracted with an aF-scale resolution by single-electron effects.

In Chapter 4, we report a generalized temperature-dependent channel
backscattering extraction method that can self-consistently determine the temperature
sensitivity of low-field mobility (i) and the critical length (/) in nanoscale MOSFETs
[39]-[40]. The validity of our method for the process monitoring purpose is assessed

based on various types of devices: high vs. low body-doping, HfO, vs. SiO; dielectric,



and unstrained vs. uniaxially strained devices. Through the extracted channel
backscattering coefficients, we investigate the impacts of the Coulomb scattering, the
uniaxial strain, the self-heating effect and the floating-body effect on ballistic efficiency.
Finally, we propose that the drain current variation can be suppressed through enhanced
ballistic efficiency.

In Chapter 5, we systematically examine the gate tunneling current induced C-V
distortion from measurements to simulations. Through the BSIM4-based macro model,
different mechanisms of C—V distortion can be characterized for short and long channel
devices. Then, we investigate the validity of the concept of intrinsic input resistance
[41] in the characterization of the distributed channel RC effects [42]. Finally, we assess
the feasibility of using the intrinsic input resistance approach for the inversion C-V
reconstruction [43].

Chapter 6 summarizes essential research. results and contributions of this

dissertation work.
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Chapter 2
Comparison of Carrier Transport for Overlapped and

Non-overlapped Multiple-Gate SOI MOSFET's

2.1 Introduction

Multiple-gate silicon-on-insulator (SOI) MOSFET (MuGFET) structures provide
superior electrostatic integrity needed for complementary metal-oxide-semiconductor
(CMOS) scaling entering the deca-nanometer regime [1]. The benefits of MuGFET
have been extensively investigated regarding issues of short-channel effects (SCE),
leakage current, threshold voltage (Vz) fluctuations, mobility, and so on [2].

For MuGFET design, source/drain engineeting-is crucial because of the parasitic
drain/source resistance [3] and the parasitic fringing/overlap capacitance that may limit
circuit performance [4]. Two options in the sourece/drain engineering are the overlapped
structure with light-doping drain/source (LDD/LDS) and the non-overlapped structure.
The LDD/LDS implantation has been widely used in state-of-the-art CMOS devices for
suppressing source and drain resistances. On the other hand, transistor optimization for
peak circuit performance within leakage current constraints (i.e., minimum CV/I delay)
may dictate the non-overlapped gate to source/drain structure to minimize the
fringing/overlap capacitance. Whether the various source/drain engineering will impact
the carrier transport in nanoscale MuGFETs merits examination. In this chapter, we
conduct a systematic comparison of carrier transport between overlapped and
non-overlapped MuGFETs. The classical current-voltage and mesophysical
characteristics have been investigated for devices with effective channel length L.z = 50

to 60 nm at 7 = 300 to 56 K.
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2.2 Overlapped and non-overlapped device structures

The process flow for fabricating MuGFETs is similar to that reported in [32]. Fig.
2.1(a) shows a schematic view of the MuGFET investigated in this study [31]. Our
devices were fabricated on SOI wafers using standard CMOS optical lithography [5].
The Si-body thickness, Hj,, was thinned down to about 40 nm by thermal oxidation.
The fin-width, Wy,, was defined by wet etching. After Wy, was developed, the Si-body
fin was doped with BF, implantation and annealed. Using optical lithography and
anisotropic reactive ion etching, the gate length, L,, was defined. Note that the
LDD/LDS implantation was performed for the overlapped structure (Fig. 2.1(c)) and
was skipped for the non-overlapped structure (Fig. 2.1(b)) before developing the
composite spacer of silicon oxide and nitride. Finally, heavily-doped N* source/drain
was made. In this study, we compare these two types of devices based on the same

effective source-drain length L.

2.3 Experimental comparison

2.3.1 Classical characteristics

Current-voltage measurements (Ips—Vss) at Vps = 50 mV under 7T = 300 to 56 K
were performed with a 25-mV Vg step for the overlapped Device 1 with W, = 25 nm
and L, = 80 nm (Fig. 2.2), and for the non-overlapped Device 2 with Wp, = 25 nm and
L, =30 nm (Fig. 2.3). Fig. 2.2 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(kg7/g)In(10) with the body effect coefficient n = 1.16.
The linear temperature dependence of S is a feature of fully depleted SOI [8], and has
also been observed in tri-gate SOl MOSFETSs [13].

For the non-overlapped Device 2, however, the linear temperature dependence of

S can only be seen when temperature is larger than 223 K (Fig. 2.3). For temperature

13



below 223 K, S is a constant and does not follow the Boltzmann law. This suggests that
for the non-overlapped Device 2, tunneling current dominates the fundamental
limitation of leakage current instead of the thermal current [12]. We have noted that
similar § behavior has been reported at 7 < 100 K for the planar non-overlapped
NMOSEFET in [12]. It implies that the leakage current associated with thermionic
emission is suppressed in our MuGFET.

The insensitive temperature dependence of Ipg can also be found in the strong
inversion region for the non-overlapped Device 2 (Fig. 2.3). In contrast to that of the
overlapped Device 1 (Fig. 2.2), the Ips for Vgg > 0.6 V 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

non-overlapped Device 2.
2.3.2 Mesophysical characteristics

To further compare the “carriet-transport characteristics for overlapped and
non-overlapped devices, we have investigated channel conductance (Gps = Ips/Vps) with
low Vps. Fig. 2.4 shows the measured Gpg versus Vs characteristics for the overlapped
Device 3 with Wy, = 10 nm and L, = 60 nm. Significant Gps fluctuations can be seen at
T =56 K (Fig. 2.4(a)). Similar Gps fluctuations have been reported in [6] and attributed
to the intersubband scattering. While the number of populated subbands increases with
increasing Vs, the intersubband scattering also increases with each new subband [7]. In
other words, when Vg increases, the Gpg 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 almost occur at the same Vs, such as the spike at Vgs-Vy =

0.425 V (Fig. 2.4(a)). We have also noted that for the wider overlapped devices (i.e.,
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Device 1) with negligible subband splitting, the Gps fluctuations can not be found.

One important criterion to observe the intersubband scattering effect is that the
qVps and kgT are not significantly larger than the subband energy split 4E [7]. It is
worth noting in Fig. 2.4(a) that the Gpg fluctuations can be observed at Vpg = 50 mV
under 7 = 56 K. Considering the voltage drop across the access resistances (i.e.,
source/drain resistances, contact resistance and back-end metal resistance), the effective
qVps over the channel and therefore 4E may be about 20 to 30 meV. This is also
consistent that with the observed Gps fluctuations at Vpg = 1 mV under 7 = 223 K
shown in Fig. 2.4(b). Besides, we have noted in our process that the final minimum W,
at the channel center is smaller than the mask-defined 10-nm Wy, (final minimum Wy,
~5 nm) due to over etching [31].

An important signature for intérsubband scattering is that conductance reductions
(i.e., mobility reduction) occur as. Vs increases:[6].. This is because the drain bias forces
electrons to jump from higherto lower.subbands, and thus enhances intersubband
scattering and reduces the carrier mebility [7]+It 1s worth noting that the reductions in
Gps due to mobility reduction can also be observed at Vps = 1 mV when temperature
increases from 56 to 223 K. Similar Vps and temperature dependence in Gpg has also
been observed for trigate SOl MOSFETs in [6]-[7].

For the non-overlapped Device 2 in the high Vs regime, the Gpg increases with
Vps and temperature as can be observed in Fig. 2.5(a) and Fig. 2.5(b), respectively. Such
Vps and temperature dependence of Gpg is completely opposite to that of the overlapped
Device 3 (Fig. 2.4) and can not be ascribed to the intersubband scattering effect. In
addition, Fig. 2.5 also shows interesting fluctuations with negative differential
resistance in the Gps. Although the Gpg fluctuations in Fig. 2.5 were observed in the

same measurement conditions as Fig. 2.4, one can safely state that it does not result
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from the intersubband scattering. In the next section, we shall give more discussions for

the anomalous Gpg behavior of the non-overlapped Device 2.

2.4 Interpretation

2.4.1 Intersubband scattering effects

As described above, the Vpg and temperature dependence of Gpg in Fig. 2.5 for
the non-overlapped Device 2 is completely opposite to characteristics of intersubband
scattering effect. Therefore, the Gpg fluctuations in Fig. 2.5 can not be ascribed to the
intersubband scattering effect. Besides, we have also noted that for the overlapped

Device 1 with the same Wy, (i.e., Ws, = 25 nm), the Gpg fluctuations can not be found.
2.4.2 Single-electron effects

Coulomb blockade is expected tosbesimportant as the charging energy e2/Cg of
the device becomes large [18][ 19} Withscaling of devices, it is expected that Coulomb
blockade oscillation (CBO) occurs in Ip=Vis characteristics [20]. Although the
multiple-gate SOI structure with-adequate source/drain engineering presents a very
promising scheme to build room-temperature SETs [21], we have confirmed in Fig. 2.5
that the physical mechanism described for the non-overlapped device is not due to the
CBO. Regarding single-electron effects in the non-overlapped multiple-gate device, we
have presented our research results in Chapter 3.

If the Gps—Vgs characteristics shown in Fig. 2.5(a) were due to CBO, the Vg
period of CBO can be related to the gate capacitance by e/C, as well as gate effective
area (Ap) by C, = A pXesioo/EOT. Since the effective oxide thickness (EOT) is about 2.6
nm for our device, from e/C, = 75 mV (Fig. 2.5(a)), Ay 1s estimated ~1.6x10™"* cm? for
our MuGFET. However, such A, is about 15 times smaller than 2Hj,L, = 2.4x10™"
cm”. This indicates that the Gpg oscillations in Fig. 2.5(a) can not be attributed to CBO.

Besides, the Gps oscillations in Fig. 2.5(a) become significant with increasing Gpsg,
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which is not the signature of CBO.
2.4.3 Variable range hopping conductance

Charged centers in the oxide, interfaces or bulk Si can result in random potential
fluctuation [22][23]. In the limit of zero temperature, electron transport is characterized
by hopping certain charged centers. When the energy of carriers is increased with
temperature or Vpg, hopping processes determined by the activation energy may change.
In other words, conductance fluctuations may change with temperature or Vps. This
phenomenon is an origin of the variable range hopping (VRH) itself. In our
experimental results, however, the anomalous conductance fluctuations are present at
the same (Vgs-Vr) values for the same device with various temperature and Vpg (Fig.
2.9). Besides, if electron transport is limited by the VRH, the tunneling conductance
must be less than e*/h [22][23]. That the Gps in-Fig. 2.5 is several times e*/h may
exclude the possibility of the® VRH. Furthermore; if we assume the anomalous
conductance fluctuations are caused by trapping -and de-trapping mechanisms, a
dependence of fluctuations on the measurement frequency is expected. This could not
be observed in our AC G, measurements in Fig. 2.16 to 2.18.

2.4.4 Universal conductance fluctuations

Due to the two voltage-controlled potential barriers, the universal conductance
fluctuations (UCF) [24], as have been predicted by Lee and Stone [25] for disordered
systems, are also not expected to be responsible for our observed conductance
fluctuations. In addition, to the best our knowledge, the UCF are easily smeared by
temperature and may not be easily observed for our devices at 7> 4.2 K [26].

2.4.5 Quantum interference effects
Fig. 2.6 shows the electronic potential calculated using ISE device simulation

[16] for our non-overlapped device. The non-overlapped gate to source/drain regions act
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as the voltage-controlled potential barriers along the channel. Therefore, carrier
transport from source to drain is significantly influenced by the barriers as illustrated in
Fig. 2.6: directly tunneling (/,), thermally-associated tunneling (/;), and thermionic
emission (). The contribution of these three mechanisms to Ips depends on Vgs and
temperature. For high Vs, I, is dominant. With decreasing Vs, increased electronic
potential diminishes /,, and thus 7, and /. become important. In other words, Ipg in the
subthreshold region results mainly from 7, and /. for the non-overlapped device. It is
worth noting that carrier transport by I, requires more thermal energy and may be
suppressed under low temperature.

Figure 2.7 shows the temperature sensitivity of Ips (0log(Ips)/0T) vs. Vgs
characteristics extracted from Fig. 2.2 and Fig. 2.3 under high and low temperatures.
For the non-overlapped device .in the strong: inversion region, the insensitive
temperature dependence manifests the importance of Z,. On the other hand, the negative
temperature dependence for the overlapped.device in the strong inversion region
indicates phonon scattering. In addition;.it can-benoted in Fig. 2.7(a) that dlog(/ps)/0T
significantly increases with decreasing Vgs for both overlapped and non-overlapped
devices. This suggests that in the high temperature regime the subthreshold current of
the non-overlapped device is dominated by /., similar to the overlapped device. When
temperature decreases, however, the thermionic emission /. is suppressed and the I,
component with weak temperature dependence becomes dominant. In other words, the
suppression of I, under low temperature is the main reason of S saturation for the
non-overlapped device. It should be noted that such mechanism of § saturation is
different from lateral tunneling through the channel, as presented for ultra-short devices
in [12] and [17].

Figure 2.6 also shows an equivalent quantum well under the gate in the
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non-overlapped device [12]. It is worth noting that the height of the voltage-controlled
potential barriers in the non-overlapped 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 electron waves occur. The quantum interference enhances
the electron backscattering probability [9]-[10] and thereby reduces the conductivity
expected classically. Such quantum correction to the conductivity is the weak
localization effect [9]-[10] and logarithmically dependent on temperature as Ac =
(pe’/mh)In(T), where the value of p depends on the scattering process. When T = 56 K,
the carriers at Vpg = 50 mV experience more heating (more phonon scattering) and thus
less localization effect than those at'Vpg = 1 or 2:mV. Therefore, the Gps measured at
Vps = 50 mV is larger than that at Vpg =1 or 2-mV., (Fig. 2.5). From the Gps data at Vg
=2 mV under 7= 56 K and 223 K in Fig. 2.5, we can-estimate that p = 1, which is close
to the results in [11] for the 2DEG in:SiMOSEETS:

The quantum-mechanical interference for an electron wave passing through a

quantum well also results in oscillating transmission probability, 77, as [14][31]

exp(—ik,d) |2
cos(k,d) —i(@/2)sin(k,d)|

Tr=% (1)

where o = k;/k; + ki/k;, k; and k; are the wave vectors in the non-overlapped region and

in the quantum well, respectively. The wave vectors are determined from

k= 2m(E—-eV,) [ @)
k, =\2m(E-eV,) [ 3)

where m and E are the effective mass and energy of the electron. Fig. 2.8 shows the

calculated 7r for the quantum well in Fig. 2.6. The values of d and (E-eV,) used in Fig.
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2.8 are based on our experiments. It is worth noting that the 7r oscillation becomes
obvious with increasing Vs as well as the depth of the quantum well. From the Tr
calculation based on d = 30 nm and (E-eV,) = 0~5 meV (Fig. 2.8), we can observe three
transmission maxima due to constructive interference (i.e., 7r = 1) at Vg5~ 0.2, 0.43 and
1 V. When (E-eV,) increases, we observed smaller 7r oscillations and shifts in the
corresponding transmission maximum. In other words, the electron energy distribution
may result in group-like 7r oscillations as shown in the Groups 1 to 3 of Fig. 2.8. We
found that such group-like fluctuations can also be seen in the G,," (G,,' = 0G,,/0Vss, G,
= Olps/OVs) characteristics in Fig. 2.9 as well as in the Gpg characteristics shown in Fig.
2.5(a). We have noted that nearly every peak in G,," (Fig. 2.9) can correspond to the
peak in Gpg (Fig. 2.5(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. 2.8. Remind that both the potential barrier height in Fig. 2.6
and Gpy fluctuations in Fig. 2.5-and Fig..2.9 increase with Vgs. For devices with the
same size, similar G,," oscillations can also be.observed and have been presented in our
previous study [15].

2.5 Application to effective channel length extraction

The physical mean of (1) can be understood from 7r versus E characteristics in
Fig. 2.10. For a fixed Vs, the perfect transmission (7r = 1) occurs at specific values of

E, whcih can be predicted by [14]

n’rm’h?

E,—eV,=—+
2md ’

“4)

where n is any integer corresponding to the scattering states E,. Since the wavevector k

is defined as k = 2n/A for a wave of wavelength A, from (3) and (4) we can observed
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d=n— (5)

(5) means that the perfect transmission of carriers occur when the width of the quantum
well d is a half integer multiple of the wavelength of electrons. As / is taken as Fermi
wavelength (1r), the wavelength of electrons can be estimated by A = (47:/ns)0'5 for the
2DEG [27][28], where the inversion carrier density n, = (Cg/eA5)(Ves-Vr). Since the
gate capacitance per area C /A, = &sioo/EOT (= 1.33x10°¢ F/cmz), the perfect

transmission is observed as [8][9]

2
men” EOT
Vos =V = Jle
Si02

(6)

Fig. 2.11 shows the calculated Ar versus (Vgs-Vy) characteristics and the predicted
maximum transmission for d = 30.4nm’ by «(5). We have noted that the perfect
transmissions are predicted at 0.7, 0.38'and-0.68 V for n = 2 to 4, respectively, which
are fairly corresponding to the simulated 7# oscillations in Fig. 2.10 and the Groups 1 to
3 of the measured oscillations in Fig. 2.9. Besides, the proportion of n* in (6) explains
the dense Tr oscillations. For d = 40 nm, the maximum transmission has also been
predicted in Fig. 2.11. Due to the inverse proportion of d* in Eq. (6), the density of the
predicted interference occurrence increases. Such result is consistent with the simulated
Tr oscillations in Fig. 2.13 and can explain the measured oscillations in Fig. 2.14. Fig.
2.14 shows the measured 0G,,/0V s versus (Vgs-Vr) characteristics for the Device 6 with
L, = 40 nm (i.e., d = 40 nm). We have noted that the observed 0G,,/0Vgs fluctuations
can be predicted by the model (Fig. 2.11) for n = 4 to 6 fairly well.

(5) and (6) reveal an opportunity to extract effective channel length (i.e., d) based
on the quantum interference measurement. For a given value of (Vgs-Vr) at which
quantum interference occurs, d can than be calculated from (5) and (6). To clearly

identify what the (Vs-V7) value occurs enhanced Gpg, the 0G,,/0V s characteristics may
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be helpful to be analyzed. Fig. 2.15 shows an illustration of the quantum interference
effect on Gps, G,, and 0G,,/0Vzs. When constructive interference occurs, the enhanced
transmission probability is responsible for the enhanced Gps, and results in the G,
humps and peaks in the corresponding 0G,,/0Vs vs. Vs characteristic. Note that the
valley in 0G,,/0Vss occurs when the Gpg as well as the transmission probability is
enhanced, and can be an index of the quantum interference.

In addition, we have also employed the AC G,, measurement to exclude the
background noise effects on the 0G,,/0Vss characteristics. Fig. 2.16 shows the AC G,
measurement used in this work. We found that by tuning the AC small signal to larger
values (~20 mV), the short-range fluctuation resulted from background noises (e.g.,
low-frequency noise, thermal noise, Coulomb blockade oscillation...) can be averaged
out and suppressed. Therefore, the long-range 6G,/0Vss fluctuation caused by the
quantum interference can be clearly observed. In other words, the AC measurement has
a better resolution in the characterization-of quantum-interference. Fig. 2.17 shows AC
and DC measurement results of the 6G;/0Vgs for the non-overlapped Device 4 with L,
=30 nm and Wy, = 25 nm. It is worth noting that not only the main 0G,,/0Vs valleys at
n =1, 3 and 4 can be reproduced for AC and DC measurements, but also the absent
peak at n = 2 in the DC measurement can be clearly observed by the AC measurement.
To further confirm the validity of our measurements, we performed the same AC and
DC measurements on the Device 5 with the same size. As shown in Fig. 2.18, the main
0G,,/0V s valleys for n = 1 to 4 can be clearly observed from our measurements.

Based on both AC and DC measurements, we can determine the (Vgs-Vr) value at
which quantum interference occurs for each n. The L.y can then be determined from (6).
The extracted L.y values are about 30 and 27 nm for the Device 4 and 5, respectively.

The 3-nm Ly difference may be resulted from the process variations. Fig. 2.19 shows
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the extracted L.y for the non-overlapped multiple-gate MOSFETs with L, = 30 nm and
Win = 25 nm. The Vs dependences of the extracted L.y can be seen in the simulation
result and the extracted values. Fig. 2.20 shows the charge density calculated using ISE
device simulation [16] for our non-overlapped device. It is worth noting that our
extracted L. based on the wave nature of electrons, agrees with the simulation result
(in Fig. 2.20) that is based on the inversion-layer sheet conductivity. In addition, we
have note that for non-overlapped devices, the applicability of conventional L.
extraction methods [29][30] is questioned because of the non-ohmic non-overlapped
regions.

2.6 Conclusion

We have conducted a comparative study of carrier transport characteristics for
MuGFETs with and without the non-overlapped source/drain structure. For the
overlapped devices, we observéd Boltzmann‘law" in-subthreshold characteristics and
phonon-limited behavior in the-inversion tegime: For the non-overlapped devices,
however, we found insensitive temperature dependence of Ipg in both subthreshold and
inversion regimes. Our low-temperature measurements indicate that the inter-subband
scattering may be the dominant carrier transport mechanism for narrow overlapped
MuGFETs. For the non-overlapped MuGFETs, the voltage-controlled potential barriers
in the non-overlapped regions may give rise to the weak localization effect
(conductance reduction) and the quantum interference fluctuations. In addition, we have
developed a novel approach to obtain the Vgs-dependent L.y for MuGFETs with
non-overlapped gate to source/drain structure. The extracted L.y based on the wave
nature of channel electrons, agrees with the simulation result that is based on the

inversion-layer sheet conductivity.
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Fig. 2.1. (a) Multiple-gate FinFET SOI structure investigated in this work and its
cross-sectional AA’ view along the channel direction showing (b) the non-overlapped
gate to source/drain structure and (c) the overlapped gate to source/drain structure.
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Fig. 2.2. Measured Ips vs. Vs characteristics’at Vps = 50 mV under 7' = 300 to 56 K
for the overlapped FinFET Device'l with, W, = 25:nm and L, = 80 nm.
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Fig. 2.3. Measured Ips vs. Vs characteristicsat Vps = 50 mV under 7' = 300 to 56 K
for the non-overlapped FinFET Device 2 with Wy,= 25 nm and L, = 30 nm.
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Fig. 2.4. Measured channel conductance (Gps) vs. (Vgs-Vr) characteristics for the

overlapped Device 3 with L, = 60 nmand W; = 10 nm at various Vpg under (a) T =

56 K and (b) T=223 K.
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Fig. 2.5. Measured Gps vs. (Vgs-Vr) characteristics for the non-overlapped Device 2

with L, = 30 nm and W, = 25 nm at various Vps under (a) 7= 56 K and (b) T'= 223
K.
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Fig. 2.6. Calculated electronic potential for the non-overlapped gate to source/drain
structure at Vgs = 0 to 1 V. V),: peak potential value in the non-overlapped region. V,:
potential value at the channel center. E: carrier energy. d: width of the effective
quantum well. /,: direct tunneling through the potential barrier of the non-overlapped
region. /,: thermally-associated tunneling: £z thermionic emission.
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Fig. 2.8. Calculated transmission probablhty Tr VS VGS for d = 30 nm and E-eV, =
0~5, 5~10 and 10~15 meV.
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Fig. 2.9. Measured Gps and G, /Vps- vs. (Vgs-Vr) characteristics for the
non-overlapped Device 2 with L= 30 nm and Wy,”= 25 nm at Vpg = 1 and 50 mV
under 7' = 56 and 300 K. (G,,' =0G,,/6Vssand G,, = 61ps/OVss).
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Fig. 2.10. Calculated transmission probability 7r vs. Vs and E for d = 30 nm.
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Fig. 2.11. Fermi wavelength as a function®of (Vgs-Vr). The location at which the
quantum interference occurs is indicated for d =30 nm.
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Fig. 2.13. Calculated transmission probability 7r vs. Vg and E for d = 40 nm.
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Fig 2.16. AC G,, measurement used in this work (freq. = 2 MHz). Note that the
trapping/de-trapping mechanisms can be suppressed by the AC method.
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with L, = 30 nm and Wy, = 25 nm. We can determine the (Vgs-Vr) at which quantum
interference occurs for each n (indicated by arrows).
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Fig. 2.18. DC and AC measurement results of 0G,/0Vss vs. Vgs-Vr for the Device 5
with L, = 30 nm and W, = 25 nm.
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Chapter 3
Single-Electron Effects of Non-overlapped

Multiple-Gate SOI MOSFETSs

3.1 Introduction

A single-electron transistor (SET) consists of a conducting island connected to
two electron reservoirs through tunnel barriers [1]. When the size of the island as well
as its capacitances is scaled sufficiently small, the conductivity is determined by single
charge and shows periodicity. Many studies in the past [1]-[7] have pointed out that SET
is a promising candidate for ultralow=power and ultrahigh-density circuit systems in the
next generation [2]-[3]. Especially, ithe  SET 'with standard silicon nano-electronics
process and compatible with =existing"“complementary metal-oxide-semiconductor
(CMOS) device architectures is very attractive. Although various novel silicon-based
SETs have been reported for superior room-temperature performance and functionality
[4]-[6], it is difficult for these SETs to be compatible with state-of-the-art CMOS
devices.

A direct way to realize CMOS-compatible SETs is raising Coulomb blockade
effects [7] in real CMOS devices. Table 3.1 lists several studies of silicon-based SETs
with MOS structures, and reveals that downsizing the SET is essential to achieving the
Coulomb blockade oscillation (CBO). The key parameter is the constriction of carriers
(i.e., the control of tunnel barriers and the suppression of short-channel effects). In [8],
one approach of electronic confinement, using the non-overlapped-gate architecture as
tunnel barriers, has been employed to produce controlled single-electron effects in real

planar MOSFETs. In [9], electronic confinement by means of high access resistances
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(i.e., source/drain resistances) yields CBO in ultra-thin silicon-on-insulator (SOI)
MOSFETs. In [20], using the multiple-gate structure to overcome the short-channel
effect, significant CBO has been shown. Although these studies represent attractive
schemes to build SETs on large-scale wafers, charging energy is small (less then about 6
mV) and is not suitable for room-temperature applications. To allow high-temperature
operation, the size of dots needs to be reduced. Therefore, the purpose of this work is to
explore further into combining more than one approach in ultra-scaled CMOS devices.

Since multiple-gate SOI MOSFETSs are considered as a promising candidate for
ultra-scaled CMOS [10], we have conducted an assessment of single-electron effects in
these devices near room temperature [11][32]. The single-electron effects reported in
[11] and [32] is associated with the presence of tunnel barriers in spacer-defined
non-overlapped gate to source/drain regions. Besides, high source/drain resistances in
narrow multiple-gate devices further facilitate the constriction of carriers. To the best of
our knowledge, it is the first demonstration.-of single-electron effects in multiple-gate
SOI MOSFETs with non-overlapped-gate to seurce/drain structure at room temperature.
We have also noted that similar ideas have been reported in [23] and [24] after our study
[11] [32].

We further demonstrate controlled single-electron effects in these devices
through a comprehensive investigation on the observed single-electron effects, which
can be modulated by geometry and applied bias. Moreover, the role of access
resistances [9] and the gate-dot coupling strength [12] are assessed. The organization of
this chapter is as follows. In Section 3.2, the theory of CBO is presented. In Section 3.3,
we describe our device structure that features the non-overlapped architecture. Then, we
systematically present single-electron effects for devices with various gate length (L),

fin width (Wp,), gate bias (Vis), body doping (Np) and temperature. The impact of
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access resistances [9], the estimation of gate-dot coupling strength [12] and phenomena
of split-peak separations are discussed in Section 3.4. In Section 3.5, a new approach of

capacitance extraction is presented. Finally, the conclusion will be drawn in Section 3.6.
3.2 Coulomb blockade oscillation

In this section we examine the circumstances under which Coulomb charging
effects are important. Considering the electronic properties of the small island depicted
in Fig. 3.1, charge exchange can occur only with source and drain terminals. The gate
electrode provides an electrostatic or capacitive coupling through the gate capacitance
C,. The number of charges on this island is an integer with a quantized number N. When
source-island (or drain-island) tunneling occurs, the charge on the island suddenly
changes by the quantized amount e. The associated change in the Coulomb energy AE is
expressed in terms of the capacitance C, of theisland as AE ~ eZ/Cg. This charging
energy becomes important whefi it exceeds the thermal energy kg7, i.e., eZ/Cg > kgT
[25]. A second requirement is that the<barriers' are sufficiently opaque such that the
electrons are located either in the source, in-the drain, or on the island. This means that
over a time scale of 4t, changing of the charge number on the island is much less than
one. Typically, 4t = RpuprierCq, Where Ryqrrier represents the tunnel resistance of the
barrier. From the Heisenberg uncertainty relation, AEAt > h, we can obtain Rpgier > hle*
[25], which implies that for an ideal tunnel barrier, Ry, sShould be much larger than
the resistance quantum h/e* = 25813 Q.

Under these two criterions (i.e., eZ/Cg > kgT and Rpgrrier > h/ez), the conductance
of the island is determined by serially discrete energy levels, which can be modulated
by the gate voltage Vgs. Fig. 3.2 shows that while Vg increases the island’s electrostatic
energy through C,, the tunneling of charges can compensate the increased energy state

with a discrete integer. In other words, there is the energy competition between Vs and
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the induced charge, which leads to so-called Coulomb blockade. Note that only when
the increased energy state is charged, the island is conductive. With continually
increasing Vs, discrete energy levels sequentially contribute discontinuous conductance
at the corresponding Vs and thus result in conductance oscillations, that is, Coulomb

blockade oscillation.
3.3 Experimental measurement of single-electric effects

In this section we analyze the features of periodic oscillations in G,, (= 0Ip/0Vs).
DC current-voltage measurements (Ip—Vgs) were carefully performed using the Agilent
4156C precision semiconductor parameter analyzer in low-noise probe stations. In
Section 3.3.1, we present the multiple-gate MOSFET with the non-overlapped structure.
Experiments on the multiple-gate device with L, = 30 nm and W, = 25 nm at different
temperatures are described in Section 3.3.2. The geometry dependence, the Vi

dependence and the Np dependerice are analyzed in'Sections 3.3.3 to 3.3.5, respectively.
3.3.1 Devices

The process flow for fabricatingMuGFETs is similar to that reported in [33]. Fig.
3.4(a) shows the schematic view of the multi-gate SOl MOSFETs investigated in this
study. Our devices were fabricated on separation by implantation of oxygen (SIMOX)
SOI wafers using standard CMOS optical lithography [13]. The Si-body thickness, Hjp,,
was thinned down to about 40 nm by thermal oxidation. The fin width, Wj,, was defined
by wet-etching and is about 15 and 25 nm. After Wy, was developed, the Si-body fin
was doped with B" with doping concentration, Np, about 6x10'® and 3x10"® cm™.
Afterward the 1.6-nm gate oxide was thermally grown. The ultra-thin gate oxide
contributes to not only the suppression of short-channel effects, but also the gate-dot

coupling strength of the SET [12]. The in-situ heavily-doped N poly-silicon was

subsequently deposited. Using optical lithography and anisotropic reactive ion etching,
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the gate length, L,, was defined and ranges from 30 to 40 nm. Without the
light-doping-drain/source (LDD/LDS) implantation, the composite spacer of silicon
oxide and nitride was deposited and anisotropically etched. Finally, heavily-doped N*
source/drain was made. It is worth noting that all the processes are essentially the same
as traditional CMOS technologies.

Table 3.2 lists the information of tested devices in this work. The main feature of
our device structure is the non-overlapped gate to source and drain regions, which are
defined by spacers, as depicted in Fig. 3.4(b). With increasing the gate voltage, there is
larger carrier concentration under the gate electrode than in the non-overlapped regions
(Fig. 3.4(c)). In other words, the non-overlapped regions separate inversed carriers from
source/drain and act as the electrostatic tunnel barriers of the single-electron tunneling
[8]. It is worth noting that the size of tunnel batriers depends on the non-overlapped
regions as well as the spacers..Optimum tunnel barriers can be controlled through
modulating the width of spacers: In addition,-the high source/drain resistances that are

intrinsic to the multiple-gate SOI structure are useful for the constriction of carriers [9].
3.3.2 Single-electric effects in multiple-gate devices

Figure 3.5(a) shows the G,—Vs characteristics measured at room temperature (7'
= 20 °C) for the Device 1 with L,= 30 nm and Wy, = 25 nm. Periodic oscillations, an
indication of the CBO [14], in the G,—Vs characteristics can be seen. Such periodic
oscillations in G,, can be reproduced for the Device 2 with the same size, as shown in
Fig. 3.5(b). It is worth noting that the peaks of each period may be repeated at the same
gate bias. For devices with large dimensions under the same measurement system,
nevertheless, only the thermal noise can be seen. Therefore, the effect of equipments,
such as the effect of source accuracy [15], is not responsible for the observed periodic

oscillations. We have also noticed that the channel conductance (Gps = 0Ip/0Vps) is on
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the same order of magnitude as e*lh (~3.87><10'5 S), which has been considered as one
of the most important criteria for the CBO [1][9].

Figure 3.6(a) shows the oscillating components, G,-<G,>, for the data in Fig.
3.5(a). The period, 4V, can be observed to be ~17 mV. When the temperature decreases
from 293 to 233 K, as shown in Fig. 3.6(b), the oscillations are reproducible with the
same period. To further analyze the periodic oscillations, both the discrete fast Fourier
transform (FFT) [16] and the histogram of the directly counted peak-to-peak spacing
(4Ves) [8,9] can be applied. It can be confirmed from Fig. 3.7 that the observed
conductance oscillations in Fig. 3.5 follow Gaussian distribution [8,17-19] with a mean
period (<4Vg>) ~17 mV and a standard deviation (sd) ~3.5 mV. The normalized width
of the distribution [8], sd/<4Vs>, is about 0.2. Similar results have also been obtained in
[8] for single-electron effects in planar bulk MOSFETs with the non-overlapped-gate
architecture. The Gaussian shape.of the 4V distribution has been explained in terms of
the charging energy level dynamicsidue.-to-shape deformation of the quantum dot
[17,18]. In other words, the shape of the quantumr dot in our device is not fixed and is
deformed by Vgs, which can be understood from the simulated Vgs-controlled tunnel

barriers shown in Fig. 3.4(c).
333 L, & W, dependence

The period of G,, oscillations, <4Vs>, represents the charging energy and is
related to the gate capacitance by e/C, [1]. For our multiple-gate devices, the gate
capacitance C, is associated with the effective gate area A,y (i.e., 2Hj;,L,). Therefore, we
expect that the period <4Vs> decreases as L, increases. Fig. 3.8 shows the G,—Vgs
characteristics for the Device 3 with L, = 40 nm and Wy, = 25 nm at 7 = 20 °C. The
phenomenon of G,, oscillation can still be observed with <4Vs> ~15 mV. Compared

with the 17-mV period for the Device 1 and 2 with L, = 30 nm, the decreased <4Vs>
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represents the C, dependence of single-electron effects. Furthermore, such L,
dependence indicates that the quantum dot in our devices is determined by the tunnel
barriers of the non-overlapped regions rather than the disordered potential landscape
demonstrated in the multi-gate SOI structures of [20].

Figs. 3.9(a)-(c) show oscillating components corresponding to Vgs = 0-0.2,
0.2-0.4 and 0.4-0.6 V, respectively, for the Device 4 with L, = 40 nm and W, = 15 nm.
From the FFT shown in Fig. 3.9(d), we obtain the period ranging from 13 to 10 mV. It is
interesting that although the period is smaller as compared with the 15-mV period for
the Device 3 with Wy, = 25 nm, the phenomenon of G,, oscillation is clearer than that of
the Device 3 (Fig. 3.8). The decreased <4V> for Wy, = 15 nm may be attributed to the
increase of the gate-dot coupling strength, a, which is the ratio between the gate
capacitance and the total capacitance, C,/Cs, and accounts for a portion of the period as

[2]

C
AVG :_Z(EJ.FL (1)
C,\e C, ’

where Je is an average discrete energy spacing in the semiconductor. The stronger
gate-dot coupling strength [12] can also further control the leakage current and thus
make the conductance oscillations more distinguishable. In addition, when the Wy, of
multiple-gate devices reduces, the source/drain resistances increase. Therefore, the
carrier is further constricted [9].

3.34 Vs dependence

It is also worth noting in Fig. 3.9 that the period of G,, oscillation decreases from
13 to 10 mV when Vg increases from 0 to 0.6 V. For other devices, we can also observe
the decreased period with increasing V5. Fig. 3.10 shows the extracted 1/<4Vg> versus

Vs for the Devices 1 and 4. We can clearly see that 1/<4Vg> increases with Vgs. From
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(1), we know that 4V is inversely proportional to the gate capacitance C,, which is
associated with the size of dots. Therefore, such Vgg dependence of AVg (i.e., 4V
decreases as Vgs increases) indicates that the size of the quantum dot increases with V.
We have noted that the result in Fig. 3.10 is consistent with the Vgs-dependent Lz in
Fig. 2.19 extracted from the simulation and the quantum interference method. This
indicates that the Vg modulated tunnel barriers (Fig. 3.11) may account for the Vg
dependence of AVg. It is noteworthy that the Vs dependence of the period reveals a
possibility of single SET with multiple periods, which may enhance the functionality of

SETs.

3.3.5 Nz dependence

Fig. 3.12(a) and Fig. 3.12(b) show the oscillating components for the Device 5
with L, = 30 nm, Wy, =25 nm and Np = 3x10'® ¢cm?, The mean period, <4Vs>, is about
18.5 mV (Fig. 3.12(c)), which is larger than the 17-mV <A4Vs> for the Device 1 and 2
with higher Np (Np = 6x10"® cm'3) (Figs:3:510°3.7). The increase in <4Vs> can still be
observed for the device with different size.” Fig. 3.13(a) shows the oscillating
components for the Device 6 with L, = 40 nm, Wy, = 25 nm and Np = 3x10"® cm™.
<AVs> is about 16 mV (Fig. 3.13(b)). Compared with the 15-mV <4V> for the Device
3 shown in Fig. 3.8, the <4Vs> for the Device 6 with lower N is larger. From Fig. 3.11,
we know that tunnel barriers in the non-overlapped regions and body potential define
the quantum dots in the multi-gate SOI MOSFETs. Therefore, the body doping
concentration, N, should affect the periodicity because of different capacitive coupling
between these electrostatic potential barriers. Note that light Ny may result in lower
barrier height and enhanced short-channel effects. The situation is similar to the

short-channel device without halo or pocket implants. In other words, the capacitive

coupling strength from the drain side is increased. Consequently, the gate-dot coupling
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strength becomes weaker and thus <4Vs> increases.

3.4 Discussion

3.4.1 Quantum mechanical effects

We have noted in Fig. 3(a) that the fine structure of split-peak phenomena occurs
at G,, oscillating peaks. As the temperature is decreased from 293 to 233 K, the fine
structure becomes clear and almost reproduces at all peaks (Fig. 3(b)). To investigate
these split-peak phenomena, we performed low temperature measurements (7 = 56 K)
for the Device 7 with L, = 30 nm and Wy, = 25 nm (Figs. 3.14(a) and 3.14(b)).
Compared with the high-temperature results in Fig. 3.14(a), the fine structure can be
clearly seen at 7= 56 K and Vpg = 0.2 mV in Fig. 3.14(b). One model with considering
quantum mechanical effects in the SET operation [3] may explain the fine structure. Fig.
3.15 shows several excitation energy levelsywith. average energy spacing, 4e, for a small
dot. For the (n+1)th electron, the ‘first excited state“can be available as long as the
carrier energy is larger than the discrete.energy-spacing Ae¢ (i.e., eVps + kgT > A¢) [21].
An important characteristic for the efféct of iexcitation energy levels is that the number
of splitting peaks increases with Vpg [21]-[22]. To verify this feature, we measured G,,
oscillations for the Device 8 with L, =40 nm and Wy, =25 nm at Vps = 0.3 and 10 mV,
respectively, under 7T = 56 K. For Vpg = 0.3 mV in Fig. 3.16(a), the fine structure can be
seen on a limited number of oscillating peaks. When Vpy increases to 10 mV in Fig.
3.16(b), we can observe the fine structure for each peak. It is worth noting in Fig.
3.16(b) as well as in Fig. 3.14(b) that single peak may develop into triple peaks for our
measurements. It implies that three excitation energy levels are observed [21]-[22].
When the carrier energy is further increased by kT, however, thermal fluctuation
smears out the fine structure, as shown in Fig. 3.14(a), Fig. 3.5 and Fig. 3.6. It is also

worth noting in Fig. 3.9 that the fine structure can be clearly observed at room
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temperature for the Device 4 with narrow Wj,. This result demonstrates that both the
gate-dot coupling strength and the access resistances (i.e., source/drain resistance) are
important for enhancing the control of single-electron effects and thus for the realization

of room-temperature operation SETs.
3.4.2 Multiple-dot system

The excitation energy levels may also result from the coupling effect between dot
arrays [29]. In [29], it has been shown that Coulomb blockade conductance peaks split
into two (double dots) or three (triple dots) peaks each. The reason is attributed to the
degenerated energy levels for the coupled dots. For our devices with the multiple-gate
structure, multiple dots may be defined in each surface channel and may be coupled to
each other when volume inversion occurs. It is worth noting in Figs. 3.12 and 3.13that
split-peak separation (the fine structure) becomes more significant for the Devices 5 and
6 with light Np than in Figs. 3.5 to 3.8. This is-because:light N decreases body potential

and enhances the coupling effects:
3.4.3 Gate-dot coupling strength

From (1), we know that the gate-dot coupling strength a is an important
parameter to determining periodicity of single-electron effects. Besides, a represents the
efficiency of converting electrical voltage on the gate into the dot and the capability to
trigger oscillations [12]. To determine the gate-dot coupling strength a of the SET,
Coulomb blockade rhombus diagram can be used. The slopes of the diamond-shape
contours are given by Co/(C,+Cy) and -C,/Cy, respectively [8]. Fig. 3.17 shows the
rhombus diagram for the Device 2 with L, = 30 nm and Wy, = 25 nm. From the slops in
Fig. 3.17 (black lines), we obtain C,:Cy:C, = 9:16:13. For the other Device 3 with L, =
40 nm and Wp, = 25 nm (Fig. 3.18), we obtain Cy:Cyz:C, = 11:9:9. We then calculate a =

C,/(Cy+Cy+Cy) = 0.2 ~ 0.3. Similar results have been reported in [8] and [9]. In addition,
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from mLyCo/Acyr = Cal Wepr (= C/ Wepp), Wwhere m = Cy/C, (= Co/C,) and Co/A 5 = €5i02/EOT
~1.33x10°° F/cmz, we estimate Cy/Weg (C/Wep) to be about 0.71 ~ 0.44 (0.58 ~ 0.44)
fF/um. These extracted values are on the same order of magnitude as the measured

junction capacitance data, as shown in Fig. 3.19.
3.5 Application to capacitance extraction

For nanoscale multi-gate devices, using top-down approaches to determine
device capacitances is a challenging task. For example, the geometry-dependent
parasitics associated with the 3-D topography of nonplanar devices [30] may result in
difficulty in the observation of intrinsic gate capacitance (Cy) by traditional C-V based
measurements. However, the occurrence of periodic Coulomb blockade in multiple-gate
MOSFETs allows to extract the capacitances between the channel and the gate, source,
and drain. Recently, M. Hofheinz: et al._[31] have demonstrated that the Coulomb
blockade phenomenon can be used to characterize capacitances of multiple-channel
devices. In here, we extract capacitances-forour multiple-gate MOSFETs.

Also shown in Fig. 3.7 is that @ 17-mV period of the oscillating component can
be observed for the Device 1 with L, = 30 nm and W, = 25 nm. From <4Vs> = e/C,
and the gate capacitance per unit area C,/A.¢ (=1.33x10° F/cm?), we can deduce an
effective area of the device, Ay = 7.1x107'2 cmz, which is about a factor of 3 smaller
than the total gate area of our FinFET device (2Hp,L, = 24x10™" cm?). Besides
uncertainties of process control in very small geometries, the discrepancy may stem
mainly from the impact of excitation energy levels (Fig. 3.15), in which the degenerated
energy spacing Ae accounts for a portion of the period of CBO as the first term in Eq.
(1), (1/a)(dele). Tt is worth noting that the period of the fine structure (i.e., the split-peak
phenomena) is near (1/a)(dele) and can be observed in the FFT. In Fig. 3.14, the fine

structure is clear and responsible for the 4.3-mV period. From <4Vg> = 11.7 mV and
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(1/a)(dele) = 4.3 mV, we can deduce C, ~ 21.6 aF and A5 ~ 16.2x10™"* cm?, which is
much closer to the expected total gate area 24x10™'? cm?. For the Devices 4 (Fig. 3.16)
and 8 (Fig. 3.9), C, can be extracted ~26.6 aF and ~29.6 aF, respectively. Fig. 3.20
shows the extracted C, values from Eq. (1) and <4V> = e/C,. It is worth noticing that
the extracted values of C, are linearly proportional to L, for Eq. (1). In addition, the
values of C; and C; can then be calculated for the extracted C, and the capacitance
ration in Coulomb blockade rhombus characteristics (see Section 3.4.3). The extracted

values of C,; and C; are about 21.8 ~ 38.4 aF and 21.8 ~ 31.2 aF, respectively.
3.6 Conclusion

In summary, we have systematically investigated controlled single-electron effects
in multiple-gate SOI MOSFETs with various L,, Wy, Vis, Np and temperature. Our
study indicates that using the nomn-overlapped gate to source/drain structure as an
approach of the SET in MOSEETs is promising: Combining the advantage of gate
control and the constriction of high source/drain resistances, single-electron effects are
further enhanced using the multiple-gate architecture. From the presented results,
downsizing multiple-gate SOI MOSFETs is needed for future room-temperature SET
applications. Besides, the tunnel barriers and access resistances may need to be further
optimized. Since single-electron effects can be achieved in state-of-the-art CMOS
devices, it is beneficial to built SETs in low-power CMOS circuits for the
ultrahigh-density purpose. In addition, the occurrence of periodic oscillation in

multiple-gate MOSFETs allows extracting the aF-scale capacitances.
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Table 3.1. Several studies on single-electron effects in Si-based MOS structures.

this work [  [20] [12] [26] [14] [9] [8] [27] [28]
type N-Fin N-Fin | N-SET SET |N-SEQDT| Acc-SET | NP-Bulk | N-bulk |N-DGbulk
Tox (nm) 1.6 25 6 30 25 10 2~3 2.4~3.8 10
L (nm) 30 200 40 50~200 dot ~100 16~27 | 50~100 | ~5000
W (nm) 25 100~500 15 20 16 >50 280 [1000~400] 130
H (nm) 40 100 25 30 32 10
C, (aF) 20~30 52 2 3~5 1.7 27 66 46~80 >46
AV, (mV) 17 ~31 400 50~30 1400 6 9~6 3.5~2 16~17
Temp. (K)| <300 1.8 <250 300 300 <10 <5 <5 <l
lithography| optical | E-beam | E-beam | E-beam | E-beam | E-beam | optical E-beam
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Table 3.2. A list of devices studied in this work.

Device | Wy, (hm) | Ly (nm) | Ng (10" cm™) T (K) Figure
1 25 30 6 233, 293 3.5(a), 3.6, 3.7
2 25 30 6 293 3.5(b), 3.17
3 25 40 6 293 3.8,3.18
4 15 40 6 293 3.9
5 25 30 3 223 3.12
6 25 40 3 223 3.13
7 25 30 6 56, 293 3.14
8 25 40 6 56 3.16
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e® | o0 0%

Source || Island | Drain

Barrier

Fig. 3.1. Schematic of a quantum dot, in the shape of an island, connected to source
and drain electrodes by tunnel barriers and to a gate by a capacitor (C,).
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Fig. 3.2. An illustration of Coulomb blockade oscillations, the effect of single electron
charges on the conductance vs. Vi characteristics. The period in gate voltage Vi is

about e/Cg. Vez > Ve > Vi,
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Fig. 3.3. An example of Coulomb blockade oscillations in Gpg vs. Vi characteristics.
The conductance Gps is the ratio Ips/Vps and the period 4V is about e/C,.
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Fig. 3.4. Multiple-gate Fin-FET SOl 'structure- investigated in this work and (b) its
cross-sectional view along A=A’ “view-=showing the non-overlapped gate to
source/drain regions. (c) A schematic electroni¢ potential plot along the channel
between source and drain for the FinFET 'with non-overlapped regions.
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2.5 1.5

(a) Device 1
W;in=25nm
Lg=30nm
VDS=2mV
T=293K

Gm/Vps (10 *S/V)

(b) Device 2
Wiin=25nm
1Lg=30nm
VDS=2mV

3 1T=293K

Gm/Vps (10 S/V)

Vgs (V) 0.37

1 T T T T T T T T T T

0.3 0.4 0.5 0.6
Vas (V)

Fig. 3.5. Periodic oscillations occur in G,/Vps vs. Vs characteristics for (a) the
Device 1 and (b) the Device 2 with L, = 30 nm and Wy, =25 nm at T = 293K.
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(a) Device 1 @ Vpg=2mV T=293K
0.4 fine structur

AVg
-0I6 T T T T T T T T T T T T T T T T T T T
0.2 0.25 0.3 0.35 0.4
Vas(V)
0.6

(b) Device 1 @ Vps=2mV T=233K

/ ine structu re\

-0-6 T T T T T T T T T T J T T T T T T T T

0.2 0.25 0.3 0.35 0.4
Vas(V)

Fig. 3.6. Periodic oscillations occur in dG,, (= G,-<G,>) vs. Vgs characteristics for
the Device 1 at (a) 7=293 K and (b) T =233 K. <G,> is the long-range average.
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Fig. 3.7. Both (a) the FFT and (b) the histogram of the directly counted peak-to-peak
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spacing (4V¢) confirm that the period (<4Vs>) in Fig. 3.6 is 17 mV.
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4.2

Device 3

1 Lg=40nm

1 Wsin=25nm

Vps=2mV
T=20C
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AVg (mV)
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Fig. 3.8. Periodic oscillations occursin G,,/Vps Vs. Vs characteristics for the Device 3
with L,= 40 nm and W, = 25 nmat T =20:°C. Smaller peak-to-peak spacing (4Vs =
15 mV) from the FFT can be seen.
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Device 4 Wi,=15nm Ly=40nm T=293K Vpg=2mV

0.1
(a) Vgs=0~0.2V
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(d) fipe structure ~'4.6 mV
—~1.5 4 —>—Vgs=0.4~0.6
——Vgs=0.2~0.4

Fig. 3.9. Periodic oscillations occur in dG,, vs. Vs characteristics for the Device 4
with L, = 40 nm and Wy, = 15 nm at (a) Vs = 0~0.2 V, (b) Vgs = 0.2~0.4 V and (c)
Vs = 0.4~0.6 V. (d) The FFT of periodic oscillations in different Vg regimes.
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Fig. 3.10. Vs dependence of 1/<A4Vs> can be observed for the Device 1 and 4.

<AVg> is extracted from the FFT in different Vg regimes.
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Fig. 3.11. An illustration of the Vs-modulated tunnel barriers.
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Device 5 Wi,=25nm Ly=30nm
T=223K Vps=2mV Ng = 3x10" cm™
(a) Vgs=-0.8~-0.6V

3
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(b) Vgs=-0.6~-0.4V

FFT (a. u.)

40 50
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AVg (mV)

Fig. 3.12. Periodic oscillations occur in dG,, vs. Vs characteristics for the Device 5
with L, = 30 nm, Wp, = 25 nm and N = 3x10'® cm™ at (a) Vs = -0.8~-0.6 V and (b)
Vs =-0.6~-0.4 V. (c) The FFT of periodic oscillations in different Vg regimes.
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Device 6 Wi,=25nm Ly=40nm
T=223K Vps=2mV Ng = 3x10" cm™
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Fig. 3.13. (a) Periodic oscillations occur in dG,, vs. Vs characteristics for the Device
6 with L, = 40 nm, Wy, =25 nm and Np = 3%10"® cm™ at Vs = 0~0.3 V. (b) The FFT

of periodic oscillations in different Vg regimes.
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Device 7 W¢in=25nm L4=30nm
(a) Vps=2mV T=293K

dGm (a.u.)

(b) Vps=0.2mV T=56K fine structure
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Fig. 3.14. Periodic oscillations occur in dG,, vs. Vs characteristics for the Device 7
with L, = 30 nm and Wy, =25 nm at (a) 7=293 K and (b) T = 56 K.
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Tunnel barriers in the non-overlapped regions

First excited state for
the (n+1)th electron
Ground state for
the (n+1)th electron

Ground state for
the nth electron

Fig. 3.15. Schematic energy diagram of a SET. The quantum energy levels are
discrete with each quantum-level spacing defined as Ade. AE is the charging energy
2

e/C .
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Device 8 Wiirn=25nm Lg=40nm

(a) Vps=0.3mV T456K

(b) Vps=10mV T=56K
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AVg (mV)
Fig. 3.16. Periodic oscillations occur in dG,, vs. Vs characteristics for the Device 8
with L, =40 nm and W, = 25 nm at (a) Vps = 0.3 mV and (b) Vps =10 mV under T =
56 K.
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Fig. 3.17. (a) Rhombus dlagramrforl thé 1,5:
Vps = 2 mV. The conductance peaks (dogsj)fcorresp&)nd to the dots at Vpg =2 mV in
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Fig. 3.18. Rhombus diagram for the Device 3 with L, = 40 nm and Wp;, = 25 nm.
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{ Planar SOl NMOSFET
0.7 1 Wett = 4200um,L4 = 0.06um

e
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Fig. 3.19. Measured junction capacitance C; per unit width vs. Vs characteristics for
planar SOI NMOSFET with high and low doping.
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Fig. 3.20. C, vs. L, characteristics for different extraction methods.
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Chapter 4
Ballistic Transport Characteristics of Nanoscale

MOSFETSs

4.1 Introduction

Since the introduction of channel backscattering theory [1][2], there has been great
interest in determining how close to the ballistic limit the CMOS device can be operated
using backscattering coefficient (7). Indeed, the 2007 edition of the international
technology roadmap of semiconductors (ITRS) has reported that to attain adequate drive
current for the highly scaled MOSFETs, quasi-ballistic operation with enhanced thermal
velocity (vmerm) and injection efficiency (i:e.; ballistic efficiency B = (1-ry)/(1+r5,)) at
the source end (Fig. 4.1) appears-to be needed [3]. In addition, the continued aggressive
scaling of CMOS is driving the ‘industry toward a number of major technological
innovations such as high-k dielectrics and uniaxial-strain technologies. Therefore, there
is a strong motivation on developing techniques to experimentally estimate
backscattering coefficient ry, for providing guidelines in CMOS processes and
determining the impacts of modern technologies on the ballistic efficiency.

To this purpose, A. Lochtefeld and D. A. Antoniadis [4] have proposed a
technique to determine the thermal limit (i.e., the ballistic limit) by comparing the
measured effective velocity to the simulated injection velocity. Besides, V. Barral et al.
[5][6] presented an ry, extraction methodology with considering multi-subband
population based on the simulated correction factor. However, relying on simulation in
extraction procedures is inconvenient to be routinely used in technology development.

So far, to the best of our knowledge, the only fully experimental method [7][8]
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evaluates ry, from the mean free path A and the critical length [ as

Tsat =7 (1)

Based on the temperature-dependent characteristics of drain current, the value of 4/l can

be obtained by [7][8]
A_ ~201+(8, - 5)-7) L
4 y— ald,sal + aVT,sat T (2),
Id,xataT (Vgs - VT sat )aT

where S, f; and y are defined as the temperature sensitivity of the low-field mobility o,
the critical length [/ and the thermal velocity vguemm, respectively. Vi, and I;g,, are
saturated threshold voltage and drain current.

Recently, this method has been examined by [20] and concluded that the accuracy
of (2) is quite modest due to the inaceurate inversion charge (Q;,,). However, we found
that the error was originated from estimating Q;,, by-the linear threshold voltage V7,
instead of V7, for 1., Moreover, aiconstant(B,-fp-(e.g., (b,-B1) = -2.5 or -2.23 [20])
was used for devices with different gate length (L,). Fig. 4.2 shows that after
considering accurate V., and L,-dependence of (f,-5;) in (2), the observed ballistic
efficiency presents the same L, dependence as the Multi-Subband-Monte-Carlo results
in [20]. Besides, this result indicates that the accuracy of this temperature-dependent
backscattering extraction method (i.e., (2)) lies in accurate Vi, B, B and y.

In previous studies [9]-[15], B, = -1.5 (i.e., phonon-limited mobility o< "), bi=1
(i.e., I = the kgT length o< T) and y = 0.5 (i.e., Vypm =\/2kBT/ﬂm* for the
non-degenerate limit) have been assumed. However, these assumptions are questionable
for state-of-the-art nanoscale MOSFETs [18]-[20]. For example, Z. Ren et al. [19] have

shown that the electron mobility in high—-k (HfO,) devices is relatively insensitive to

temperature, i.e., 4o o< T". In addition, the temperature dependence of the critical length

87



[ (i.e., f;) may not equal to 1 because the critical length / may not equal to the kT length
(i.e., the distance over which the potential drops by kzT/q (Fig. 4.1)) [29][30][36]. It has
been shown in [36] that the “critical” length [ is several times larger than the kT length
and may change with L,, channel electric field and scattering mechanisms. Moreover,
the temperature dependence of the thermal velocity v, (i.e., y) decreases from 0.5
(non-degenerate limit) to O (degenerate limit) with increasing V,, [21]. All these facts
indicate that the f,, f; and y can not be assumed constants and the difficulty of the
temperature-dependent backscattering extraction method lies in accurate determination
of B, pi and y. Therefore, a physically accurate backscattering extraction method
considering accurate f,, f; and y is needed.

In this work, we report a new temperature-dependent channel backscattering
extraction that can self-consistently:determine (f,<f;) and r,, for nanoscale MOSFETs.
Under the self-consistent framework, several assumptions in the original method (e.g.,
1o = the low-field mobility, « =uthe kgl length, 1 = 2kgTuo/qomerm, and the
non-degenerate limit) are no longer, needed.-The validity and the limitation of our
method are discussed. Applications for the process monitoring purpose are
experimentally assessed based on various types of devices such as: high vs. low
body-doping, and HfO, vs. SiO, dielectric. The impacts of the strain effect, the
self-heating effect and the floating-body effect on r,, are investigated [37].

The organization of this chapter is as follows. In Section 4.2, the channel
backscattering theory is briefly presented. In Section 4.3, we present our self-consistent
temperature-dependent extraction method. Then, we study the limitations of the method
and propose guidelines for utilizing our self-consistent method. Experimental
investigation of the Coulomb scattering effects and the uniaxial strain effects on

extracted backscattering coefficients are discussed in Section 4.4 and Section 4.5,
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respectively. For SOI devices, the extraction with self-heating corrections and the
floating-body effects are presented in Section 4.6. In Section 4.7, we further propose
using enhanced ballistic efficiency to suppress the drain current variation for nanoscale

MOSFETs. Finally, the conclusion will be drawn in Section 4.8.
4.2 Channel backscattering theory

Figure 4.1 illustrates the physical picture of flux treatment of carrier transport in
nanoscale MOSFETs [1][2]. We focus on the fluxes at the source-channel junction
barrier. Carriers injected from the thermal equilibrium source and drain populate the top
of this barrier. Appling a high drain bias, carriers injected from the drain to the source
need not to be considered, because there is a significant potential barrier ~gVpg for
carriers in the drain. Therefore, carriers in the source play an important role. A fraction
of carriers injected from the source into_the channel is scattered back to the source.
Others flow out the drain and comprise the steady-state drain current /,. The density of
carriers at the top of the source-chanmeljunction barrier is controlled by MOS
capacitance, that is, gate capacitance’ Cq.-Generally, the inversion carriers Q;,, can be
computed from

Oy = Cy Vs Vi) (3),
where V7 is the threshold voltage. Because of current continuity, the steady-state drain
current /; may be evaluate from Q;,, of the source-channel junction barrier as

Id = WQinvv'

inj = WCy (Vgs =Vr )Dinj 4),
where v;,; is the average velocity of carriers at the beginning of the channel. The
maximum value of v;,; is approximately the equilibrium uni-directional thermal velocity
Dmerm», because all carriers with the positive velocity (i.e., flux from source to drain) were

injected from the thermal equilibrium source [1][2]. Backscattering from the channel

determines how close to this upper limit the device operates. According to the
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derivation in [21], v;, in saturation region can be related to the channel backscattering

coefficient ry,, as

1+

sat

1-rg,
vinj z[ st Jvtherm (5)

Besides, vgem With degenerate consideration is expressed as [21]

_|2kgT S1/2(7717)j
vt erm ~— * s
hem =\ o [ So(r) ©)

where 3,(n7) is the Fermi-Dirac integral of order n and is function of the Fermi level

Er normalized to kgT (i.e., nr = (Ep-E;)/kgT). Finally, using (4), (5) and (6), we obtain

Lasar _ o (1=Ta |} |2k8T [ S1/0(1F)
W va(”%m J{,/ . [ 3,1 J} D).

Note that (7) is derived for the saturation_condition, i.e., gV >> kgT. The Vi

dependence factor is approximated to 1,[21]. Besides, the saturation threshold voltage
(Vizsar) 1s required to consider aceurate Qi it (7), that 1s, Qiny = Cox(Ves-Visar)-

In the ballistic case ry,, = 0, ballistic-efficiency B = (1-ry,)/(1+ry,) = 1, and the
drain current I, has its thermal limited maximum. From (1), we know that the channel
backscattering coefficient ry, depends on the mean free path 4 and the critical length /
[2]. In the scattering theory [2], A and [ are physically referred to the low-field mobility
o (.e., 4 = 2kgTuo/qomerm) and the kgT length (i.e., [ = the kgT length = the distance over
which the potential drops by kzT/q (Fig. 4.1)), respectively. However, these expressions
were challenged as a phenomenological one that is useful for physical understanding,
but not quantitatively [29][30][32][33][36]. The reasons are listed: The concept of the
carrier mobility is derived from the drift diffusion model and is applicable to long
channel devices. The role of scattering in nanoscale transistors is more complicate and
is not straightforward to determine without considering redistribution of scattered

carriers [29]. Besides, the redistributed carriers, the corresponding A, and the potential
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profile play an important role in determining the relative importance of scattering at
different locations along the channel [29]. In other words, the “critical” length / changes
with different scattering conditions and may not be merely defined as the kg7 length
[36].

Experimentally, ry, extraction has been developed based on several assumptions
(i.e., 4 = 2kgTuo/qomerm, | = the kgT length, uy = the low-field mobility, and the
non-degenerate limit) in (7) [7]-[10]. To fulfill the role of scattering in nanoscale
transistors (descriptions above), these assumptions can not be allowed. In the next
section, we will present a self-consistent technique, in which these assumptions are not

needed.
4.3 A new self-consistent temperature-dependence extraction method

The temperature-dependent analytic model ¢can been derived from (7) as [10]

ald,sat —|_ aVT,xat _( 1 i 1 j arsat + 1 avtherm (8)
Id,sataT (Vgs - VT,sat )aT L+ rsat I— Tsat aT vtherm aT

Note that Ory, /0T = -[(5-y)Fsai(1-730) T a0d-O0snerm/ OT = (Vgnermy)/ T can be observed from

the temperature dependence of A/l and vgem, [21][22]:

Utherm Tr (93.),

and

= =T (9b),

A A
¢ vtherm

where £ and y account for the temperature sensitivity of A and v, respectively.

Finally, (8) can be expressed as follows:

i _ - 2(ﬁ B 7) -2
¢ ald,sat + aVT,sat T (10)

?/_
Id,sataT (Vgs _VT,sat )aT

Note that (10) is derived without the following assumptions: A = (2kgTuo/qvsherm), [ = the
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kgT length o< (kBDﬁ’, o = the low-field mobility o< Tg”, and the non-degenerate limit.

When these assumptions are made, A can be expressed as [21]

By
A= 2k Ty (BLJ o T1+(ﬂ,u -5) an,
q kgT

and (10) reduces to (2). When 8, =-1.5, ;= land y = 0.5, we obtain = -1.5 and (10)

reduces to the original model used in [7]-[15] as

i: -4 )

4 0.5— aId,sat + aVT,sat T (12)
Id,xataT (Vgs - VT,sat )aT

From the results of Fig. 2, we know ballistic efficiency B as well as ry can be
accurately obtained as long as using accurate parameters. In the following sections, we

will examine each parameter separately.
4.3.1 Id,sat and VT,sat

Figure 4.3 shows measured /; . and V7, versus temperature characteristics for
the NMOSFET with L, = 120 nm’. Linedr tempeérature dependence of 1, and Vzy, can
be observed for T = 233 ~ 373 K. From the slope, 0l;,/0T and 0V7,,/0T can then be
determined. V7, was calculated from the linear threshold voltage Vi, which was
determined by the maximum transconductance method at Vy; = 0.05 V, with
drain-induced barrier lowering (DIBL) consideration, i.e., Vrs = V7, - DIBL. Using
Vrsar Instead of Vyy, in estimating Q;,, 1s important to accurately account for the DIBL
effect on the reduction of threshold voltage. Fig. 4.4 shows the calculated
-(0V1/0T)/(V,4s-Vr) with and without DIBL consideration. Significant discrepancy can be
seen as L, reduces. We have noted that the estimated -(0V7/0T)/(V,-Vr) with DIBL
consideration shows the same L, dependence as the simulated (6Q;/0T)/Qiny in [20].
Besides, to exclude the doping effect [20] and the non-equilibrium effect [28] for

ultra-short channel devices, which may result in Q;,, variation, we have confirmed the
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validity of Qin = Co(Ve-Vr) from capacitance-voltage (C—V) measurements in this

study.
432 B

From (9b) and (11), we know that the physical meaning of f is referred to the
mean-free-path /4, the low-field mobility u, and the critical length /. However, the
backscattering extraction in previous studies [7]-[15] involves constant £ (i.e., f = -1.5
from (11), p, = -1.5 and f; = -1.5) that is not necessarily correct in state-of-the-art
MOSFETs with technology innovations (such as halo implantation, high-k dielectric,
strain technologies). There are evidences in plenty to show that carrier scattering
mechanisms may change from phonon scattering (5, = -1.5 [25]) to Coulomb scattering
(B. > 0) for devices with different size and processes [17]-[19]. In addition, in a short
channel where the transport is nonstationary we. cam.not consider 4 to be independent of
the carrier energy [30]. Besides, it has been suggested-that the entire channel or a more
significant part of channel may “participate~inthe backscattering and thus the critical
length [ does not follow the concept of the kgT layer [29][30][32][33][36]. In other
words, it is difficult to predict an accurate value of f for nanoscale state-of-the-art
MOSFETs. Therefore, we propose to use (9b) and (10) to determine £ and A/]
self-consistently. Note that A = (2kgTio/qomerm), | = the kgT length o (kBT)ﬁ’, o = the
low-field mobility o T, and the non-degenerate limit need not to be assumed in the
self-consistent framework. Fig. 4.5 shows the extracted A/l versus temperature
characteristics for self-consistent f and f = -1.5, respectively. Although the difference
between the self-consistently determined £ and -1.5 is only 0.315, significant
discrepancy in A/l can be seen. It is worth noting that the temperature dependent of A//
can satisfy the constraint of (9b) for self-consistent £, but not for f =-1.5.

To further verify the self-consistently determined 8, we have directly extracted S,
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based on the effective mobility x«, which was measured by the split C—V method with the
R4 correction [31]. Fig. 4.6 shows the comparison of self-consistent f and f, for the
device with L, = 120 nm. Although the effective mobility # may not be identical to the
low field mobility u (as defined by 4 [2][21]), similar V,, dependence can be seen for
the self-consistently determined f and the obtained f,. The increased f, as well as f
with decreasing V,, manifests the importance of Coulomb scattering in the weak
inversion region [31]. Besides, we have note that the self-consistently determined S
shows significant L, dependence, as shown in Fig. 4.7. It is clear that the
self-consistently determined f increases with decreasing L,. The increased S is
attributed to the importance of halo implant and thus Coulomb scattering in
short-channel devices [31]. Fig. 4.7 also indicates that the L, dependence of f needs to
be considered in estimating the L, dependence of ballistic efficiency (Fig. 4.2).

Figure 4.8 shows the extracted rs, and w for the NMOSFET with L, = 120 nm. It
can be seen that the assumption of f =-1.5.results in/insensitive r,,—V,, dependence. On
the other hand, the ry, value extracted by the self-consistent f shows significant Vi,
dependence. The increased r,, with decreasing V,, results from the decreased u (through
A) and manifests the importance of Coulomb scattering in the weak inversion region
[31]. Besides, the decreased potential gradient of the source-channel junction barrier
(i.e., increased /) with decreasing V,, may also account for such V,s dependence of the

self-consistently extracted ry,, [8].
433 7y

This self-consistent temperature-dependent method still has limitations because
of the uncertainty in y. From (6), we know that y ranges from 0.5 (non-degenerate limit:
nr — 0) to 0 (degenerate limit: #r — o). In other words, y may decrease from 0.5 to 0

with increasing V,,. Therefore, we propose using y = 0.5 as a first approximation and
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then estimating the impact of the y = 0.5 assumption on the extracted ry,;. For example,
we extracted ry, based on y = 0.5 in Fig. 4.8. To further consider the impact of the y =

0.5 assumption on the extracted ry,, we can derive Ory,/0y (from (1) and (10)) as

ar:vat _ Tsar a- r:vat)
a}/ _ ald,sat + aVT,sat T (13)
Id,sataT (Vgs _VT,sat )aT

Since the right-hand-side (RHS) value of (13) is positive, an overestimated y (Ay) results
in an overrated ry, (Ary;). Based on (13), we can calculate Ary,, for the extracted ry,, in
Fig. 4.8. Fig. 4.9 shows the corrected ry,, vs. Vg, characteristics for Ay = 0 ~ 0.5. It can
be see that r,, is insensitive to Ay in the weak inversion region. Besides, it should be
noticed that y is near 0.5 (i.e., Ay — 0) with decreasing V. In other words, the extracted
Ise: In the weak inversion region is more accurate than in the strong inversion region.
Although Ay as well as Ary,, may be significant in the strong inversion region, the
maximum error of Ay (i.e., Ay =0.5, 9 = 0 for the degenerate limit) is not expected for
present devices with multi-subband population of carriers. For example, it has been
observed for the multi-gate 12-nm-Si-thickness SOI MOSFET that y = 0.2 (i.e., Ay =
0.3) based on Multi-Subband-Monte-Carlo simulations [20]. In addition, we propose
several experimental guidelines in the following section to increase accuracy of 7

extraction.
4.3.4 Experimental guidelines

1. As revealed from (13), to reduce the impact of Ay, one can reduce the RHS value
of (13) by increasing the measurement temperature.

2. Ay can also be reduced when temperature increases because the degenerate effect is
reduced and nr — 0 (i.e., y — 0.5).

3. To keep the same baseline and minimize possible errors due to different #p,

comparison under the same gate overdrive is needed.
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4. For the extracted ry, at the same gate overdrive, its Ary, may be of similar
magnitude. Therefore, Ary, may not be important for comparative purposes
because similar Ar,, can be canceled out.

5. Since the extracted ry, 1S more accurate in the weak inversion region, comparing
from the weak inversion region to the strong inversion is suggested.

6. Once y can be exactly observed by other method, such as Monte-Carlo simulations
[20], one can use (13) to estimate and correct Ar,;.

7. In case the Qjy, is different from C,.(V,s-Vr), one can directly obtain (0Qj/0T)/Qiny
from the C-V measurement instead of using -(0V7/0T)/(Vee-V7) in (10).

8. Since the critical length [/ can be determined by the channel potential [33], 7
should be extracted at the same V,/L, to keep the same baseline especially for the
L,-dependent comparison.

Following the above guidelines, several examples ‘of technology comparison for the

process monitoring purposes are presented.

4.4 Experimental investigation of Coulomb scattering effects on
channel backscattering characteristics

4.4.1 Impact of body doping

Figure 4.10 shows the extracted S and ry, versus (V- Vr,.) characteristics for the
100-nm-L, NMOSFETs with high and low body-doping, N,. It is clear that the
self-consistently determined f really presents the increased f, due to increased Coulomb
scattering for the high N, device. Besides, the impact of increasing N, on ry,;, can be
observed through comparing the extracted r,, at the same gate over drive. In contrast to
the result for f = -1.5, the r,, extracted by the self-consistent f is increased for the high
N, device. The increased ry,, is consistent with the prediction in [26] and is attribute to

increased Coulomb scattering and the reduced carrier mobility [24].
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4.4.2 Impact of high-k dielectrics

Co-processed NMOSFETs with HfO, and SiO, dielectrics were implanted by the
same N, condition and showed similar DIBL characteristics. Fig. 4.11 shows the
extracted £ and ry, versus (Vy-Vr ) characteristics for the 100-nm-L, NMOSFETSs with
HfO, and SiO, dielectrics. It is worth noting that the self-consistently determined f is
increased for the HfO, dielectric. The result is consistent with the simulation predictions
in [19] and can be explained by the active low-energy interfacial phonons [19] and
excess Coulomb scattering [27]. Besides, reduced carrier mobility has been reported for
high-k devices [19] and was expected to reduce 4 as well as increase r,. On the other
hand, as shown in Fig. 4.11(b), the extracted ry, can not respond to the reduced mobility

unless the self-consistent f is applied.

4.5 Experimental investigation of impacts of process induced uniaxial
strain on channel backscattering characteristics

4.5.1 Devices

P-channel MOSFETs with channel direction <110> were manufactured based on
state-of-the-art CMOS technology on 300-mm p-type (100) silicon substrate.
Process-induced uniaxial strained-silicon technologies featuring compressive SiGe
source/drain and compressive contact etch stop layer (CESL) were employed in this
study [9][10][23][24]. Co-processed strained and unstrained PMOSFETs were
implanted by the same pocket condition and showed similar drain-induced barrier
lowering (DIBL) characteristics. Devices with L, = 50 nm were characterized at 7 =
223, 298 and 373 K. As shown in Fig. 4.12, the saturated drain current (/;,,) and the
linear drain current (4;,) of the 50-nm-L, strained device are improved by about 2.1X
and 2.9X as compared with its unstrained counterpart, respectively. The threshold

voltage of 1,n, Vi, was determined by the maximum transconductance method. The
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threshold voltage of 1, Vrsar, Wwas calculated from V7, with DIBL consideration, i.e.,
Visat = Vriin - DIBL. DIBL was characterized from the subthreshold characteristics. In
order to exclude the parasitic source/drain series resistance (Ry;) effect, the
constant-mobility method is adopted [18]. The extracted R, values are about 125 Q/pum
and 214 Q/um for strained and unstrained devices, respectively. Based on the measured
ljsa—T and V5. —T characteristics, the following backscattering extraction can be
carried out.

4.5.2 Channel backscattering characteristics

Figure 4.13 shows the extracted £ and ry, versus |V,-Vr gl characteristics for the
unstrained and strained PMOSFETs with L, = 50 nm, respectively. It can be seen that
the self-consistently determined f is far from -1.5, especially for the unstrained device.
Besides, significant V,, dependence:of £ and r,,. canrbe observed for both devices. It is
worth noting that the value of“f ifor the strained PFET is smaller than that of the
unstrained one. This result is consistent:with-the measured /;,,—V,, characteristics, in
which the I;,, of the strained device 'shows more phonon-limited behavior (i.e., 14
decreases as temperature increases) and thus £ decreases. Moreover, ry, is actually
reduced in the compressive-strained PFET, which is contrary to previous studies [9][10]
using f=-1.5.

It must be noticed that strain effects may impact the subband population of
carriers and thus the fairness of comparison based on the y = 0.5 assumption. From (13),
we know that an overestimated y (Ay) results in an overrated ry,. Since the degenerate
effect increases with Vg and is enhanced by strain effects, y decreases faster for the
strained device than that for the unstrained one. In other words, y as well as ry, is more
overestimated in Fig. 4.13(b) for the strained device. Note that the extracted ry, (with

self-consistent f in Fig. 4.13(b)) for the strained device is already smaller than that of
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the unstrained one. Therefore, the y = 0.5 assumption will result in underestimation of
the impact of compressive strain on the reduction of ry,. In other words, the y = 0.5
assumption does not change the fact that ry is actually reduced in the
compressive-strained PFET.

To further understand the strain effect, we have investigated v, 4 and effective
mobility u for both strained and unstrained PFETs. Based on the self-consistent
extracted ry, (Fig. 4.13(b)) and the measured 1;,, (Fig. 4.12(a)), Umerm Was calculated
from Iy = WCox(Ves-Visa)Otherm(1-rar)/(1474,). In addition, 4 can be extracted from

[35]

Id,lin — (Vgs - VT,ljn )(q/ZkBT)(A/(A + Lg ))
Vdsld,sat (Vgg - VT,mt )((1 - rsar )/(1 + l"wr ))

(14),

where the ratio of 1;;,/Vy is determined from the slope of 1, ;;,—V,s characteristics at Vy
= 0 V. The effective mobility x was measured using the split C—V method with Ry,
correction, as presented in our previous study [24]. Fig. 4.14 shows the extracted vserm,
A and p versus Vg characteristics, respectively.-It'can be seen that the strain-reduced
conductivity effective mass m* leads to an increase of vy, 4 and u. Although the
effective mobility u extracted from the split C—V method may not be exactly equivalent
to the low field mobility u as the definition of 4 [2][21][35], it is worth noting that the
enhancement of backscattering coefficients follows the relation of A o< (2kgTto/qUsmerm),
i.e., 1.9X (4 enhancement) ~ 3.3X (¢ enhancement) / 1.5X (s €nhancement). The
strain effect on the enhancement of 1/m* and the relaxation time 7 can also be obtained
~2.3X from (Vsmerm enhancement)2 and ~1.3X from (4 enhancement)/(vyerm
enhancement), respectively. Besides, the A enhancement is the main reason for the
reduction of ry, and pushes the transport of carriers closer to the ballistic regime.

Contrary to previous reports [9][10], our study indicates that the ballistic efficiency can
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be enhanced by compressive strain for nanoscale PFETs.

From the extracted ry, and A, the critical length [ can be calculated through (1).
Since ry and A are strongly dependent on Vg, [ is extracted under the same gate
overdrive for strained and unstrained PFET at different temperatures. Fig. 4.15(a) shows
the potential -kzT/q versus (It-l33x) characteristics, which can be viewed as the potential
gradient of the source-channel junction barrier (Fig. 4.1). It can be seen that the
potential gradient is smaller for the unstrained device. Similar variation in electrostatic
potential has been simulated by A. Svizhenko et al. [29] for different scattering
conditions. It can be understood that more backscattering events for the unstrained
device with smaller A raise the electrostatic potential to higher energy to maintain the
same carrier density. Our experimentally observed backscattering effect on the
electrostatic potential supports the prediction in [29]. It is, to the best of our knowledge,
the first experimental demonstration. In addition, the V,, dependence of the potential
gradient is shown in Fig. 4.15(b). It is-Clear that the potential gradient decreases with
decreasing V,,. The decreased potential gradient of the source-channel junction barrier
(i.e., increased /) can explain the V,, dependence of ry, for the self-consistent (f,-f;) in
Fig. 4.13(b).
4.6 Experimental investigation of channel backscattering for

nanoscale SOI MOSFETSs

4.6.1 [Extraction method with self-heating correction

For silicon-on-insulator (SOI) devices, the self-heating effect significantly
influences device temperature and is not considered in this self-consistent
temperature-dependent extraction method (Section 4.3). Therefore, a correct
backscattering extraction method considering accurate temperature dependence is

needed for the characterization of nanoscale SOI devices. According to (10), the
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self-heating induced drain current loss can be extracted by

— 2(ﬂ_ 7) aVT,Sat
2+ or (15).
T (Vgs _VT,sat)

Y
Ald,sat = Id,satAT(

The temperature rise AT = Ryl 5q:Vas, Where Ry, is the thermal resistance [34]. Fig. 4.16
shows the procedure of the extraction with the correction of self-heating effects. After f
and A/l are self-consistently extracted from (9b) and (10), the heating-free drain current
(I4sar + Al q:) can be obtained from (15) and then is used again to solve the new f and
Al. This loop is repeated until the true temperature and current are obtained
self-consistently. Finally, we can obtain the heating-free coefficients.

The extracted heating-free /;,, has been confirmed form the measured 1;,~T
characteristics. Fig. 4.17 shows that the extracted AT is a function of ambient
temperature 7Typ. It means that thewAZ, correction is important for the
temperature-dependence-based extraction. Note that the 7)) sensitivity of AT increases
with device power as well as Vi Fig. 4.18(a) shows the first step (without heating
corrections) for the self-consistent determination of f and A/l. Fig. 4.18(b) shows the
extracted A/[ with and without the self-heating correction. It can be seen that after

performing the self-heating correction, A/l increases (i.e., ry,, decreases) (Fig. 4.18(b)).
4.6.2 Impact of floating-body and self-heating effects

Figure 4.19 shows the extracted r,,—V,, characteristics for the SOl MOSFETs
with L, = 216 nm and 63 nm using the conventional method (i.e., (12)). Anomalous
crossover behavior in the high V, regime for both devices can be seen. It is worth
noting that the V, dependence of ry, is completely opposite to the backscattering
theory, in which ry,, decreases with increasing V, due to reduced / [2].

After considering self-consistent f and self-heating corrections (Fig. 4.20), we

can observe accurate V,, and Vj;, dependence in ry, for both devices. Such Vg
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dependence of ry, has been observed in previous Section for the bulk MOSFETs and
can be explained by the Coulomb scattering effect and the potential gradient of the
source-channel junction barrier (i.e., decreased [) [8]. Note that the self-heating
correction is significant with increasing V,, and Vy,. It is also worth noting that ry, is
more sensitive to Vg in the low V,, regime than in the high V,, regime. In addition,
compared to bulk devices with similar size and DIBL, we can find that the SOI device
has a smaller ry,. The reduced ry, may result from the impact-ionization induced
floating-body effect. In other words, the decreased threshold voltage due to
floating-body effects results in additional gate overdrive and thus further reduces ry,;.
Figure 4.21(a) and 4.12(b) show the extracted S versus V,, characteristics with
various V for the device with L, = 216 nm and 63 nm, respectively. At V4, = 0.6 V, it
can be seen that |fl decreases with decreasing Ve Since the temperature sensitivity of
the / is nearly unchanged for the-same device [20], the-decreased |5l is mainly due to the
decreased |f,| and can be attributed to-the_Coulomb- scattering in the weak inversion
region. When V, increases, however;. the reduction of threshold voltage (due to
floating-body effects) pushes the SOI device toward strong inversion. Therefore, the
scattering mechanism of carriers becomes more phonon-limited and |3,| increases. It is
worth noting in Fig. 4.20 that I8l increases with Vy, especially for low V. Besides, we
can see that |l is a function of Vg and Vjq, similar to the channel conductance Gy (=

dl,/dV,;) that is determined by floating body effects.
4.7 Application of ballistic efficiency to suppression of drain current
variation

A simple expression relating I; of nanoscale MOSFETS to u has been derived by

Lundstrom [35] as
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8, /14 =g /1o N1-B) (16),
in which the sensitivity of I, to yy is determined by the ballistic efficiency B. Eq. (16)
reveals that the impact of the uy variation, o(up)/up, on the I, variation, 6(1ysa)/1i sars
can be suppressed when the ballistic efficiency B is enhanced. To ensure that the V7
variation does not affect the following analysis, we have confirmed in Fig. 4.22 that the
standard deviation of V7, o(Vy), as well as the V7 variation, o(Vy)/Vy, are similar
between strained and unstrained devices. The linear dependence of &(I;u)/11sqc ON
o(up)/uy presented in Fig. 4.23 follows the prediction of Eq. (16), in which the slope
represents the degree of ballistic efficiency B. The reduced slope for strained PFETSs
(Fig. 4.23) can be explained by the By, enhancement (B sirained-Bsat,unstrained) (F1g. 4.24).
It is worth noting that the suppression of 6(1;4)/14sa: (Fig. 4.23), the B,, enhancement
(Fig. 4.24) and the x enhancement.(Fig. 4.24) are more significant with decreasing L,.
Besides, we found that the B enhancement decreases, with decreasing V,, (Fig. 4.25),
which may be referred to the relation of B-~#/(L+1)for low V4, i.e., the A enhancement
is not important for A/(L+4) as L >> A Sueh 'V, dependence of the B enhancement
results in the weak suppression in the o(/;)/1; vs. o(up)/ po characteristics measured at

Vis = 0.3 V as shown in Fig. 4.26.
4.8 Conclusion

We have reported a generalized temperature-dependent channel backscattering
extraction method that can self-consistently determine / in nanoscale MOSFETs.
Through comparing the V,, and temperature dependence, we have shown that assuming
B, and f; constants will result in unphysical backscattering characteristics. We have also
investigated the limitation in the self-consistent approach and proposed guidelines for
experimental extraction. Using an generalized temperature-dependent method, we have

shown that the ry, of nanoscale PMOSFETs can be reduced by the uniaxially
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compressive strain. Besides, ry, is increased for NMOSFETs with higher N, and HfO,
dielectric. In addition, our results indicate that both self-heating and floating-body
effects are important in the determination of backscattering coefficients. On one hand
the floating-body effect may decrease channel backscattering in high drain bias regime,
and on the other hand the self-heating effect may increase channel backscattering. We
further demonstrate that the strain technology can improve the drain current variation
through the enhanced ballistic efficiency. Moreover, the improvement shows L, and V;,
dependence. Since S and ry, can be physically determined by our developed program,
the generalized self-consistent temperature-dependent method is competent to be

routinely used in technology development for the process monitoring purpose.
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Fig. 4.1. Schematic diagram illustrating the backscattering theory [1]. Carrier in the
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Fig. 4.5. M vs. T characteristics: shows -the need of self-consistent S for the
backscattering coefficient extraction. In [7]-[15], S ==1.5 from B = 1+(B,-B), B. =-1.5
and £ = 1. Note that different values of T, and V7, are considered in (4) at the
corresponding temperature.
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Fig. 4.6. Extracted B and £, vs. Vs characteristics for the NMOSFET with L, = 120 nm.
B. (=) is observed based on the effective -mobility-x, which is extracted at different
temperature by the split C—V method with R,z correction.

115



-0.9

NFET Vgs-V1,6a=0.9V

T self-consistent 8

A5 F-—pm—m————————— —

"calculated from B =1+(B,-B /),
Bu=15,B8:=1
0 50 100 150 200 250
Ly (nm)

Fig. 4.7. Extracted S vs. L, chatacteristics for NMOSFETs at Vgs-Vi = 0.9 V. The
self-consistently extracted f shows significant-L, dependence.

-1.7

116



] NMOSFET Ly=120nm
0.9 ] |
2 g ] K pextracted by
o ] Zthe split C-V method
N ] £
© 0.7 1
g ]
© 0.6 - rsat €Xxtracted by
c 1 self-consistent B
o3 ]
-§ 0-5 E
0.4 ] S R
0.3 rsa.t exltraclted .byl.3=-1.'5 -
0.5 1.5

1
Vs (V)

Fig. 4.8. Extracted ry, and the jeffectiveimebility. © vs. Vg characteristics for the
NMOSFET with Ly = 120 nm.

117



i B NMOSFET Lg=120nm
0.9 E_ m Ay=0
08 1 % o Ay=0.1
o] o * Ay=0.2
0.7 1 % © Ay=0.3
F . u AAy=0.4
(2] 4
“o6 1 %
0.6 2‘:‘.; a Ay=0.5
] AOQE-.
— A ]
05 T+ AS3eLonm
] AOSLe IO Ny,
: B R et
04 + AA&“Aﬁﬁmoooo: 4000004
’ ] AAAA Ady 2<><><><><
] AAAMAAANAARAR
0.3 T T T T I T T T T
0.5 1.5

1
Vs (V)
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Fig. 4.10. (a) Extracted B and (b)y#w VS. (VeeVisw) characteristics for 100-nm-L,
NMOSFETs with high and low body-doping Nj:
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Fig. 4.12. Measured drain-current, «vs. 'gat€ ‘voltage characteristics for 50-nm-L,
PMOSFETs with and without uniaxially compressive strain at 7 = 233, 298, 373 K for
(@) Vgl =0.05 V and (b) V4l = 13 V.
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Fig. 4.13. (a) Extracted S and (b)"#y VS. IVesVrsl characteristics for 50-nm-L,
PMOSFETs with and without uniaxially compressive strain [23][24]. The R, effect has

been corrected. (R, ~ 125 Q/um for the strained device and 214 Q/um for the unstrained
device).
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Fig. 4.14. Extracted (a) thermal velocity vuems (b) mean-free path 4 and (c) effective
mobility u vs. V-V characteristics for 50-nm-L, PMOSFETs with and without
uniaxially compressive strain at-T' = 298-K. 4 is extracted from the slop of 1~V
characteristics at Vy; = -20 ~ 20:mV. Effective’mobility is extracted from the split C-V
method at V=50 mV with Ry, correction{2].
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Fig. 4.17. Self-heating induced AT vs. ambient temperature 7, for the SOl MOSFET
with L, = 63 nm. Ry, (= 67064 K/W) s extracted by thé method presented in [34].
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Fig. 4.18. A/l vs. T characteristics for (a) the constant f = -1.5 (i.e., S, =-1.5and ;= 1)
and the self-consistent f, and (b)-the self-consistent § with and without the correction of
self-heating.
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Fig. 4.19. 7y vs. Vg, characteristics for SOI' NMOSFETs with L, = 216 nm and 63 nm
using the conventional method (i:€.,"assuming f = -1.5-n (10)).

128



NEW self-consistent § method
Ves(V)=06~1.2V

line: w/o heating corr.
dot: w/i heating corr.

= Vgs(V)= 0.6 ~ 1.2V
0.65 DIBL = 89 ~ 150 mV
0.35 + T T T T {
0.7 0.8 0.9 1 1.1 1.2
Vgs (V)

Fig. 4.20. 7y vs. Vg, characteristics for SOI' NMOSFETs with L, = 216 nm and 63 nm
using the self-consistent method-with and without self-heating corrections.
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Fig. 4.21. G4 and the extracted f vs. Vy, characteristics for SOI NMOSFET with L, =
216 nm and 63 nm. The floating-body effects can be seen in both G, and the
self-consistently extracted f.
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Chapter 5
Gate-Tunneling Current Induced

Capacitance-Voltage Problems

5.1 Introduction

The gate capacitance-voltage (C-V) characteristic is fundamental to CMOS
technology development because it plays an important role in oxide thickness extraction
[21], carrier mobility calculation, interface trap characterization, and so on. As the gate
dielectric thickness is reduced (below 20 A), the inversion C-V characteristic is
distorted due to direct tunneling cufrent [1]-[9]); [14]-[19]. Since the gate-tunneling
current in metal oxide semiconductor (MOS) ‘test structures may result in significant
distributed channel resistance effect [5]-[9], several studies proposed conducting C-V
measurements using short-channel ‘devices [14]-[18]. Fig. 5.1(a) shows the observed
inversion C-V characteristic with adequate calibrations for short-channel devices.
Although the inversion C-V characteristic is acceptable for gate bias (Vs) smaller than
1V, there still is significant C-V distortion for Vg > 1 V. One general way to solve this
problem is to increase the C-V measurement frequency [14]-[18]. Based on the
frequency dependent characteristics, parasitic component effects can be excluded and
true C-V characteristics can then be calculated by a certain model of choice. For
example, Pantisano et al. [15] proposed a C—V measurement from 1 kHz to 100 MHz
and an extraction methodology using the three-element model [3]-[4], [22-23]. However,
C-V measurements in the high frequency range require high frequency probes (Ground
Signal Ground - GSG) and RF (radio frequency) test structures. Moreover, the

calibration procedures in high frequency measurements and model-data fitting make the
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C-V reconstruction rather time consuming for regular product monitoring. Besides,
using these short-channel devices in C—V measurements has several drawbacks such as
small intrinsic capacitance, large parasitic components and uncertainty in the physical
gate length. In other words, the variation of measured capacitance increases as channel
length decreases (Fig. 5.1(b)). Therefore, the reconstruction of C-V characteristics from
long-channel devices is still a crucial issue.

Several studies have constructed the C-V characteristics for long-channel devices
using distributed circuit approaches [5]-[9]. For example, Barlage et al. [7] proposed
using a transmission line concept to extract the inversion MOS capacitance. In [5], we
employed segmented SPICE simulation with each sub-transistor modeled by the BSIM4
MOSFET model to simulate the anomalous C-V curves due to gate tunneling. Although
these methods may provide well-restored characteristics, the implementation is too
complicated to be routinely used in'a technology, development. To develop a simple
method for the inversion C-V:reconstruction,. the-challenge lies in capturing the
distributed nature of the gate capacitance and. the ‘channel resistance in a compact way.
This is analogous to the gate input impedance modeling in the compact model
development for RF CMOS, where an intrinsic input resistance has been introduced [10]
as a major part of the gate input resistance. In this chapter, we investigate the inversion
C-V reconstruction and assess the feasibility of the concept of intrinsic input resistance
for long-channel MOSFETs.

This chapter is organized as follows. In Section 5.2, devices and measurements in
this work are presented. In Section 5.3, we describe BSIM4-based macro model using in
this study, and identify mechanisms responsible for the inversion C-V attenuation in
short-channel as well as long-channel devices. In Section 5.4, we investigate the validity

of the concept of intrinsic input resistance. In Section 5.5, we assess the feasibility of
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the intrinsic input resistance approach for the inversion C-V reconstruction. The

conclusion will be drawn in Section 5.6.
5.2 Devices and measurements

Standard MOSFETs with doped poly-Si gate electrode were fabricated and tested
in this study. The equivalent oxide thickness (EOT) is about 11 A. The transistor gate
length (L,) ranges from 0.24 to 10 pm with 10-pm width (W). For the short-channel
device with L, = 0.24 um, we employed a test structure with 15-array devices in parallel.
Our C-V measurement was carried out using the impedance analyzer Agilent 4294A
and the Cascade Microtech probe system (S300 series) with DCP 100 probes. Under the
RC parallel mode, the Hi port of Agilent 4294A was connected to source/drain, while
the Lo port was connected to the gate electrode (SD-G case). The measurement
principle of Agilent 4294A is the Four-Terminal Pair (4TP) configuration with
Auto-Balancing-Bridge (ABB) method [13]. In the 4TP configuration, the outer shield
of leads of Agilent 4294 A needs to be connected together to provide a current return
path to cancel the magnetic field generated by the inner current loop [13]. Besides, the
whole system of the C-V measurement needs to be isolated from actual ground to
exclude complicated coupling effects from the ground path and maintain stability of the
C-V measurement.

Although the cable inductance, Ly, can be removed to a certain extent in the 4TP
configuration [13], residual inductance may result in negative capacitance. Fig. 5.2(a)
shows the measured inversion MOS capacitance, C,., with and without an adequate
SHORT calibration. Without performing the SHORT calibration, C,. dramatically drops
as Vs increases. By an adequate SHORT calibration, the residual L; (~1 uH in series,
Fig. 5.2(a) inset) can be compensated. In addition, L, and stray capacitances may induce

a resonance when the measurement frequency increases [13]. As shown in the Fig.
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5.2(b), a resonance at ~30 MHz can be seen. The resonance leads to not only accuracy
degradation but also very unstable measurement. To avoid the impact of the resonance,
we performed C—V measurements in the frequency independent region (Fig. 5.2(b)). It
is worth noting that the instrumentation error [19] and the impact of extrinsic
capacitances and resistances [1]-[3] are frequency dependent. Therefore, measuring C,,
in the frequency independent region may avoid these two mechanisms. In other words,
the attenuation in C,. measured in the frequency independent region with adequate
calibrations (A in Fig. 5.2(a)) can be attributed to mechanisms of the intrinsic device
part. After excluding the influences from the extrinsic components in the measurement
setup, the C,. data was then used in the following BSIM4-based extraction

methodology.
5.3 BSIM4-based macro model and SPICE simulation

Figure 5.3(a) shows the BSIM4-based macro model we used in the simulation of
C,e. Segmented SPICE simulation that dividestthe transistor along the length direction
with 10 sub-transistors in series was utilized and the BSIM4 device model parameters
were calibrated through our extraction methodology (Fig. 5.3(b)). Our C,. extraction
methodology considers both DC and AC characteristics of devices. Basic device DC
parameters such as threshold voltage (V7), gate tunneling current (/,), mobility («) and
source/drain resistance (R,;) need to be first determined and used in the AC analysis of
SPICE. The oxide thickness, effective channel length, gate electrode resistance (R,.) and
the parasitic inductance within the test structure itself (L;) can then be extracted based
on a comparison between the C,. data and the simulation results. The true inversion
MOS capacitance can be obtained by the gate-tunneling-free simulation. In the
following sections, we discuss various mechanisms associated with the intrinsic device

responsible for the anomalous C-V characteristics.
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5.3.1 Short-channel device

Fig. 5.4(a) shows significant capacitance attenuation in the C,. measurement for
the device with L, = 0.24 pm. The parasitic effects caused by R,., Ry and L; are
responsible for the attenuation. Note that the impact of source/drain resistance, Ry, and
gate electrode resistance, R, increases as L, decreases. In addition, the short-channel
test structure is usually designed as a multi-array type to increase the impedance of the
capacitor. As a result, the residual on-chip inductance, L;, may become significant in the
multi-array test structure when large current exists. By comparing the C,. measurement
data with the L;-free simulation (Fig. 5.4(a)), it can be seen that the L; effect is
significant in the high gate bias (i.e., high gate tunneling) regime. Moreover, the
Li-induced C,. attenuation depends on the measurement configuration. As shown in Fig.
5.4(b), various measurement configuration may. result in various C,. attenuation due to
different current direction. In “other words;  different C-V characteristics may be
observed for the multi-array test structure with the same size but different layout.
Therefore, the L; effect increases ‘the wuncertainty in the C-V measurement for

short-channel devices.
5.3.2 Long-channel device

Fig. 5.5 shows the comparison between simulation and data for the device with L,
= 10 pm. The negative capacitance value results from the cable inductance L;. Fig. 5.6
shows that the measured L, is about ~1 pH. After performing the SHORT calibration,
we can exclude the L; effect and observe positive capacitance value (Fig. 5.5). The
simulation in Fig. 5.5 reveals that the impact of the gate-tunneling-induced distributed
effect is crucial for the long-channel device. Because of the IR drop caused by
gate-tunneling current, the channel potential is a distribution instead of a constant.

Moreover, this potential distribution depends on Vs, L, and measurement configuration.
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Fig. 5.7(a) shows the channel potential distribution at Vs = 1.5 V for the device with L,
= 10 um. For the SD-G case (Hi port to Source/Drain, Lo port to Gate), the maximum
potential, ~0.17 V, occurs at the center of the channel, because of the symmetric
gate-tunneling current from gate to source/drain. For the D-G case (the Hi port to the
drain electrode only), however, the maximum potential, ~0.34 V, occurs at the floating
side (source side). It is worth noting that both the maximum IR drop and the capacitance
attenuation (Fig. 5.7(b)) are enhanced in the D-G case. The excellent model-data fit in

Fig. 5.7(b) shows the accuracy of our BSIM4-based segmented SPICE simulation.
5.4 Intrinsic input resistance model

Fig. 5.8(a) shows BSIM4/SPICE-simulated C-V characteristics for devices with
leaky dielectrics. The BSIM4 device model parameters are the same as those used in Fig.
5.4, Fig. 5.5 and Fig. 5.7. As shown in_Fig. .5:8(a), a substantial attenuation in the
inversion capacitance for long-channel MOSFETs can be seen. The attenuation results
mainly from the gate tunneling induced-dezbiasing effect. Also shown in Fig. 5.8(a) is
that a single-transistor simulation with an intrinsic¢ input resistance, R;;, added to the gate
terminal in addition to gate electrode resistance (Fig. 5.8(d)) yields nearly identical
results as those of segmented simulation with sufficient (e.g. 30) sub-transistors (Fig.
5.8(c)). Besides, the gate currents (I,) simulated by segmented simulation and the
single-transistor simulation with R;; are nearly identical for the devices with L, = 0.24 to
10 pum (Fig. 5.8(b)). It indicates that the tunneling resistance (81g/8VgS)'1 of a
single-transistor simulation with R;; is nearly identical to that of segmented simulation.

R;; represents a channel-reflected gate resistance and can be thought of as an
equivalent resistance accounting for the first-order non-quasi-static effect in the channel
[10][12]. R;; is proportional to the total channel resistance with a proportional constant a,

which accounts for the distributed effect of the complex RC network constructed by the
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gate capacitance and the channel resistance. Since this RC network has a short
termination at both source and drain nodes in the C-V measurement, o can be
approximated as 1/12 because the location at which the gate current equals zero occurs
at L,/2 [12]. The channel resistance and R; have been modeled through channel
integration in BSIM4 [10][12] and can be extracted from the measured -V (Fig. 5.9(a)).
Fig. 5.9(b) shows that R;; depends on Vs and L,. As L, increases, R;; increases.

Figure 5.8 indicate that the R;; approach is accurate and efficient in simulating the
distributed effect in long-channel MOSFETs. For the device with L, = 10 pm, it can be
seen from Fig. 5.8(a) that 10 sub-transistors are enough to capture the distributed effect.
For the device with L, = 20 pm, however, 10 sub-transistors are not sufficient to gain
satisfactory accuracy. There is significant discrepancy between the two Cg. curves with
10 and 20 sub-transistors. It is worth noting ‘that as the number of sub-transistors
increases, the C,. curves of the segmented simulation-are close to that of the R; lumped
simulation. In other words, the uncertainty-in-selecting the number of sub-transistors to
simulate the distributed effect can be avoided. by the R; lumped simulation. Therefore,
using the R;; approach in the inversion C-V reconstruction for long-channel MOSFETs

1s more accurate and efficient than the segmented-simulation approach.
5.5 Experimental reconstruction

In this section, we demonstrate that the concept of R; can be used to develop a
simple method for the inversion C—V reconstruction for long-channel devices. As the
conventional three-element model (Fig. 5.10(a)) is used to represent the small-signal
equivalent model of a leaky MOS capacitor, the total series resistance, R;, can be
calculated by R;; + R, + R,4/2. The factor of 1/2 accounts for the Ry, induced de-biasing
effect caused by one half of /,. The inversion C-V may then be reconstructed by [20],

[23]:
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where C,, and G,, represent the measured capacitance and conductance, respectively,
using the parallel circuit model of the LCR meter (Fig. 5.10(b)). The value of R;; can be
extracted from the channel resistance (Fig. 5.9(a)). The values of R, and Ry, can also be
measured by standard procedures.

Fig. 5.11(a) and Fig. 5.11(b) show the measured inversion capacitance and our
reconstructed C-V characteristics for NMOS and PMOS with L, = 10 um and W = 10
um, respectively. The impact of R;; on the reconstructed results can be seen. Moreover,
the correction for PMOS is larger because the lower PMOS channel mobility may result
in a higher channel resistance and R;. Besides, the reconstructed C-V characteristics
show a slight decrease in the high® gate bias, regime. This can be attributed to
poly-depletion effects. Also shown in Fig.-9:are the theoretical characteristics provided
by the NCSU CVC (C-V analysis software developed by the North Carolina State
University) [14]. Note that merely using the. two-frequency three-element method
[3]-[4], [22]-[23] has been known [7][14] to be unable to show the poly-depletion effect
because of the limited number of elements. Using the R; approach to fully account for
the distributed effect together with the three-element model, however, our reconstructed
C-V curves show poly-depletion effects and agree with the NCSU-CVC simulation
results well.

To assess the importance of intrinsic input resistance to the overall gate-current
induced de-biasing effect, Fig. 5.12 shows R;i/R; as a function of L,. it can be seen that
the impact of R;; increases with L,. For the device with L, = 10 pm, R;i/R; is ~80%. For
L, =20 pm, the R;i/R; ratio can reach as high as 95%. In other words, the inversion C-V
can be reconstructed by (1) with R; = R;;, which can be obtained from the channel

resistance extraction shown in Fig. 5.9(a).
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5.6 Conclusion

We have investigated the inversion C-V reconstruction and assessed the
feasibility of the concept of intrinsic input resistance for long-channel MOSFETs. The
concept of R;; has been validated by segmented BSIM4/SPICE simulation. Using the R;
approach in the inversion C-V reconstruction is more accurate and efficient than the
segmented simulation approach. Our reconstructed C-V characteristics show
poly-depletion effects and agree well with the NCSU-CVC simulation results. The
intrinsic input resistance dominates the overall gate-current induced de-biasing effect
(~95% for L, = 20 um) and can be extracted directly from the -V characteristics. Due
to its simplicity, our proposed R;; approach may provide an option for regular process

monitoring purposes.
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Fig. 5.1. (a) Inversion MOS capacitance (C,.) for the short-channel (L, = 0.24pm)
device. Cy: true capacitance for Ly, = 10 pm. (b) The variation of C,, increases as L,
decreases. C,,: measured capacitance. <C,,>: C,, mean.
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Fig. 5.3. (b) Our BSIM4 extraction methodology of the inversion MOS capacitance.
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Fig. 5.4. (a) Merely considering R,, and Ry; without taking L; into account cannot
model the C,. characteristics in the high gate bias regime. (b) In the same MOS array
of short-channel devices, the impact of on-chip inductance (L;) depends on the
measurement configuration. (For the SD-G case, the Hi port is connected to
source/drain, while the Lo port to the gate electrode.)
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Fig. 5.8. (a) The gate-tunneling induced C-V attenuation due to de-biasing effect can
be simulated by BSIM4/SPICE simulation. (b) The gate currents simulated by the
segmented simulation and the R;; lumped simulation are nearly identical.
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Rsd

(d)
Fig. 5.8. (c) Segmented SPICE simulation with each sub-transistor modeled by the

BSIM4 MOSFET model. (d) Single-transistor. SPICE simulation with R; added to the
gate terminal in addition to Rg..
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Fig. 59. (a) R; for L, = 10 pm device can be extracted from the DC output
characteristics. (b) R;; as a function of Vs and L,.
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(a) (b)

Fig. 5.10. Small-signal equivalent models for MOS capacitor. (a) Three-element
model. (b) Two-element parallel model:
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Fig. 5.11. Reconstructed C-V characteristics for (a) NMOS and (b) PMOS with and
without considering R;;. The results agree well with the simulation results of NCSU
CVC. (Tox = 1.15 nm. NMOS : Ng = 3E17 cm”, Ngae = 1.8E20 cm™, Roo+R,al2 =
40 Q. PMOS : N,y = 2.5E17 cm™, Ngae = 8.5E19 cm™, Roo+R,a/2 = 180 Q.)
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Fig. 5.12. The contribution of intrinsic input resistance in the overall gate-current
induced de-biasing effect. Ry = R;i+Rg+Ril2.
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Chapter 6

Conclusions

In this dissertation, we have systematically performed comparative investigation
for various kinds of nanoscale MOSFETs including the overlapped vs. non-overlapped
multiple-gate SOI MOSFETs, the strain vs. unstrained planar MOSFETs, the SiO; vs.
HfO, dielectrics, the high vs. low body doping, the SOI vs. bulk MOSFETs, and
ultra-thin gate dielectrics. For multiple-gate SOI MOSFETs, quantum-mechanical
confinement effects and quantum-mechanical interference effects may prevail in the
narrow overlapped devices and the non-overlapped devices, respectively [1]-[2].
Besides, controlled single-electron effects have also been observed in the
non-overlapped devices especially«for smaller gate length and fin width [3]-[5]. In
addition, channel backscattering.characteristics have been successfully, physically and
experimentally extracted through the newly.developed self-consistence temperature-
dependence extraction method [6]<[7].. We .found that ballistic efficiency can be
enhanced by compressive strain for PMOSFETs and is degraded by high body doping
and high-k dielectric. Moreover, for the gate-tunneling current induced
capacitance-voltage problem, we have proposed a simple reconstruction method [8].
Several important results were obtained and summarized as follows:

1. In Chapter 2, we have conducted a comparative study of carrier transport
characteristics for multiple-gate SOI MOSFETs with and without the
non-overlapped source/drain structure. For the overlapped devices, we observed
Boltzmann law in subthreshold characteristics and phonon-limited behavior in the
inversion regime. For the non-overlapped devices, however, we found insensitive

temperature dependence of drain current in both subthreshold and inversion
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regimes. Our low-temperature measurements indicate that the inter-subband
scattering (i.e., quantum-mechanical confinement effects) may dominate carrier
transport mechanism for narrow overlapped multiple-gate devices. For the
non-overlapped multiple-gate devices, the voltage-controlled potential barriers in
the non-overlapped regions may give rise to the weak localization effect
(conductance reduction) and the quantum interference fluctuations. Based on the
wave nature of channel electrons, we have experimentally obtained the
gate-voltage-dependent effective channel length for the non-overlapped
multiple-gate SOl MOSFETs, which agrees with the simulation results.

In Chapter 3, we have systematically investigated controlled single-electron effects
in multiple-gate SOI MOSFETs with various gate length, fin width, gate voltage,
body doping and temperature. Our study indicates that using the non-overlapped
gate to source/drain structure.as an approach of the single-electron transistor (SET)
in MOSFETs is promising.- Combining -the advantage of gate control and the
constriction of high source/drain’tesistances, single-electron effects are further
enhanced using the multiple-gate architecture. From the presented results,
downsizing multiple-gate SOI MOSFETs is needed for future room-temperature
SET applications. Since single-electron effects can be achieved in state-of-the-art
CMOS devices, it is beneficial to built SETs in low-power CMOS circuits for the
ultrahigh-density purpose. In addition, we have analyzed gate capacitance as well as
source/drain capacitance of multiple-gate SOl MOSFETs.

In Chapter 4, we have reported a generalized self-consistent temperature-dependent
channel backscattering extraction method. We have also investigated the limitation
of this self-consistent method and proposed guidelines for experimental extraction.

Using the generalized temperature-dependent method, we have shown that the
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channel backscattering of nanoscale PMOSFETs can be reduced by the uniaxially
compressive strain. Besides, channel backscattering is increased for NMOSFETSs
with higher body doping and HfO, dielectric. In addition, our results indicate that on
one hand the floating-body effect may decrease the channel backscattering in high
drain bias regime, and on the other hand the self-heating effect may increase channel
backscattering. We further demonstrate that the strain technology can improve the
drain current variation through the enhanced ballistic efficiency. We believe that the
generalized temperature-dependent extraction method is competent to be routinely
used in technology development for the process monitoring purpose.

4. In Chapter 5, we have investigated the inversion C—V reconstruction and assessed
the feasibility of the concept of intrinsic input resistance (R;) for long-channel
MOSFETs. The concept of R;+has been validated by segmented BSIM4/SPICE
simulation. Using the R;; approach in'the inversion C-V reconstruction is more
accurate and efficient than the segmented._simulation approach. Our reconstructed
C-V characteristics show poly-depletion . effects and agree well with the
NCSU-CVC simulation results. Due to its simplicity, our proposed R;; approach may
provide an option for regular process monitoring purposes.

Finally, it is worth noting that we have proposed an effective channel length
extraction in Chapter 2 using the quantum interference effects. Similar ideas have been
developed to determine the Si/SiO, interface roughness for bulk MOSFETSs [10] and the
diameter of the nanowire devices [11]. In Chapter 3, we have demonstrated that the
single-electron effect is competent to be used in the aF-scale capacitance extraction.
Recently, this concept has been employed in [12] for the nanoscale multi-channel
devices. We believe that the feasibility of using mesophysics (buttom-up approaches) to

determine important device parameters for nanoscale MOSFETSs is promising.
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