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Abstract

Nano-Scaled Logic and Memory Devices:
Modeling and Fabrication

by

Peiqi Xuan

Doctor of Philosophy in Engineering —
Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Jeffrey Bokor, Chair

This dissertation investigates both the modeling and fabrication of ultra-thin-body
(UTB) and double gate (DG) MOSFETs, which are proposed to suppress short channel
effects (SCE) in nano-scaled MOSFETSs. An analytic model is developed to evaluate the
effectiveness of the structures. The minimum channel length with certain berformance
criteria can be derived from the physical dimensions of the transistor. The 2D effects in
both the body and the high x gate dielectric are included. The influences of high body
dopirig and pocket implants on SCE are also modeled. The results of the analytical model
form the basis of the subsequent discussion of device design and fabrication.

Lateral solid-phase-epitaxy (SPE) is a practical approach to realizing the UTB
structure with good uniformity and controllability of the thin Si channel film. SPEFETs
are fabricated, and the quality of the SPE films is investigated. Within a short SPE range

(£60nm), the resulting film has good quality close to that of a perfect Si film, and good



device pefforma.nce has been achieved. The easy integration of SPEFET with bulk
MOSFET makes it suitable for sub-50nm device generations.

A correct threshold voltage (Vy) can be achieved only by gate workfunction
engineering in sub-30nm transistors. NiSi is proposed as a single gate material for
multiple V, CMOS applications because the workfunction of NiSi can be continuously
adjusted over a large range by dopants implanted into the silicon film before silicidation.
Furthermore, the NiSi gate has excellent compatibility with the current CMOS process
because it causes no degradation of the resulting MOSFET performance. After all, nickel
silicide is highly advantageous as a single gate material for future CMOS technologies.

The fully depleted structure is also applied to flash memory, and the resulting
FinFET SONOS can be successfully scaled to sub-40nm. The large V, windows and high
current ratio between programmed/erased states enable multi-bit storage for even higher
storage density. Good program/erase speeds, endurance and retention are demonstrated in
FinFET SONOS memory devices. Devices fabricated on (100) sidewall surfaces show
more resistance to electrical stress than do (110) devices. The FInFET SONOS device is a

promising candidate for sub-100nm embedded flash memories.
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Chapter 1

Introduction

1.1 MOSFET scaling

In the past few decades, the world semiconductor market has grown explosively
mainly due to the steady improvement in circuit performance made possible by the
scaling of MOSFETs (Metal-Oxide-Semiconductor Field Effect Transistors). Since the
1960s, transistor dimensions have been shrinking 30% every 3 years, as predicted by
Moore’s law [1,2]. This reduction of the device gate length has improved both circuit

speed and density (Fig. 1.1).
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Fig 1.1. Scaling improves both the circuit speed and density [3,4].

Currently, the challenges that prevent devices from being scaled down are process

difficulties and short channel effects (SCE), such as current leakage, subthreshold swing



(S), drain induced barrier lowering (DIBL) and threshold voltage (V,) roll-off [5].
Although this scaling will not continue indefinitely, the present device sizes are still far
from the fundamental limits of physics, such as atomic size and quantum effect limits.
Simulation shows that devices with a gate length of less than 10nm are feasible and still
not dominated by tunneling phenomenon [6]. For each technological generation, many
innovations have to be made to overcome the process difficulties and SCE [7]. In the sub-
micron region, constant field scaling is the major method for scaling down the transistor
to maintain its reliability. In this approach, the supply voltage and vertical dimensions are
scaled together with the gate length (Fig. 1.2). Currently, the state-of-the-art production

technology is at a gate length of around 70nm, while sub-10nm devices are under

investigation in laboratories [8].
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Fig 1.2. (a) Schematic of a conventional bulk MOSFET. (b) Scaling the supply
voltage and oxide thickness together with the gate length.

In an ideal MOSFET, the gate electrode has complete control of the body

potential; therefore, ideal performance can be achieved, i.e. S=kTeln(10)=60mV/dec at



room temperature. When the channel length becomes shorter, the two-dimensional (2D)
distribution of the potential in the channel becomes important. The source/drain and body
compete with the gate in controlling the channel potential. This drives the scaling of the
vertical dimensions together with the gate length to minimize the 2D effect. However,
further scaling imposes great technological challenges in the manufacturing process.

The gate oxide thickness (Tox), source/drain junction (X;) and depletion dépth
(Waep) have been the three major vertical dimensions being scaled aggressively in the
past. However, they are all approaching their limits.’ Gate oxide thickness is limited by
the tunneling current from the gate electrode to the channel [9]. High x materials are
proposed to suppress the tunneling current while maintaining the same effective oxide
thickness (EOT) [10,11]. Although the gate leakage tolerance continues to increase from
generation to generation, gate oxide scaling is slowing down and will eventually become
saturated. The scaling of the junction depth is prevented by the high sheet resistance of
the source/drain, which reduces the drive current and device speed [12], and process
issues. Although high channel doping can achieve narrow depletion depth, it also
degrades the carrier mobility in the inversion layer and thus the drive current [13]. The pn
junction current leakage might also become the limiting factor of scaling when high body
doping is used [14].

Table 1.1 is an excerpt from the International Technology Roadmap for
Semiconductors (ITRS) of 2002 [4], which predicts the performance, structure, and
dimensions of future integrated circuit (IC) technologies. As pointed out in the table,

many innovations have to be made to meet the technological requirements.



\Near term \Long term
lYear 2001 2002 2003 2004 2005 2006 12007 12010 2013 2016
Technology node(nm)|730 115 100 90 80 70 65 45 32 22
Gate length (nm) 65 153 45 37 32 28 25 18 13 9
Gate oxide (A) 13-16 |12-15 |l1-14 [9-14
Drain extent X; (nm) [27-45 [22-36 |/9-3] |13-25
Channel doping for
Woen<Legld (cm'%) 4.0E18 6.0E18 |S.0E18 |I.1E 19 (I.4E 19 |I.6E19 [2.3E19
(Channel doping for [0.8-1.5 [0.8-1.5 |1.5-2.5 |.5-2.5 |1.5-2.5 [2.0-4.0 [2.5-5.0
V=04V (cm™) E18 E18  |EI8 E18 E18  |EI8 E18
Poly doping for 25% ,p19 | 2£19 |1.14E20|1.50E20)1.66E20|1.66E201.87E20
depletion (cm™)
Gate sheet Rs (Q/sq) |5 5 b] b)

[ Solutions exist [___] Solutions being pursued B No known solutions

Table 1.1 Relevant entries from ITRS 2002 update for front-end processes.

1.2  Ultra-thin-body (UTB) and double-gate (DG) devices

As indicated in the above table, significant challenges have to be overcome to
extend Moore’s law into the future, and new structures and devices have been active
research topics for many years [15,16]. Because modern circuitry consists of millions of
transistors, a minor modification in the manufacturing process can result in significant
degradation in the yield. A process with minimum deviation from the current technology
would be highly appreciated for easy migration. Ultra-thin-body devices, based on the
maturing SOI (silicon-on-insulator) technology [17], overcome most of the scaling
challenges discussed previously and are the most promising structures for nano-scaled
devices.

MOSFETs fabricated on SOI wafers have become part of the semiconductor
industry standard [18]. Currently, SOI technology uses a thick silicon layer of 50-100nm,
which is partially depleted. Both the fabrication and characteristics of the devices are

similar to those of bulk MOS. The advantages of SOI devices are that they eliminate the



source/drain junction capacitance, which siows down the circuit, and the junction leakage,
which consumes power even at idle. However, the devices suffer from the floating body
effect due to the existence of an isolated neutral region in the body [19].

The UTB structure (Fig 1.3a), on the other hand, uses an ultra-thin, fully depleted
silicon film as the channel [20]. It provides the following advantages over the
conventional bulk MOS or partially depleted SOI devices. First, it doesn’t have the
floating body efféct because there is no neutral region inside the body. Second, in this
device structure, both the junction depth and depletion depth are determined by the thin
silicon film thickness, which can be precisely controlled by the process. Ultra shallow
junctions can be fabricated by making the channel film thinner than the junction depth
possibly made by bulk MOS technology. Moreover, the current leakage path at a low gate
bias is typically not at the surface, but deep in the depletion region, which is far away
from and less effectively controlled by the gate terminal. If the body thickness is reduced,
the leakage path is forced to be closer to the surface, which ensures a stronger gate
control and less leakage.

UTB devices can be further optimized to double-gate devices (Fig 1.3b). In this
structure, the channel potential is controlled by two connected gates, which ensures better
gate-control and SCE. To the first order, a DG MOSFET is just two UTB FETs standing
back to back. Therefore, twice the body film thickness of a UTB device can be tolerated,
while maintaining the same SCE. Actually, it provides even better SCE due to the
elimination of the buried oxide, which is also a medium for the penetrating fields from
the source/drain to the channel [21]. This relaxed requirement for the body film thickness

is highly advantageous since the formation of a uniform ultra-thin film is a major



challenge in this device’s fabrication. Simulation results show that a DG MOSFET has
the best scalability and can be successfully scaled down to sub-10nm gate length devices
[6]. The detailed mechanism of UTB and DG transistor suppression of SCE will be

modeled in Chapter 2.

Fig. 1.3 Schematic of (a) a UTB MOSFET (b) a double-gate MOSFET.

Moreover, UTB and DG devices provide further benefits due to the fact that no
high body doping is required to minimize the depletion depth. Actually, a lightly doped
or even an undoped thin film can be used as the channel, which improves the device in
the following ways:

a. Low doping in the silicon film results in less impurity scattering and thus higher
carrier mobility in the inversion layer. Therefore, better performance of the transistor
can be obtained.

b. Without the depletion charge in the body, a lower vertical field can be realized with
the same driving force. Therefore, carrier mobility can be further enhanced. [22]

c. In a bulk MOS, the body doping determines the threshold voltage. In an ultra-scaled
device, the number of doping atoms in the channel decreases due to the reduced
volume, and the doping fluctuation causes V, fluctuation [23,24]. Since body doping

is not crucial in UTB devices, it does not cause V, fluctuation.



UTB devices offer a way of creating ultra shallow depletion and junction depths,
but they still have the disadvantage of the high resistance resulting from the ultra thin
film. Raised source and drain are also introduced to improve the external resistance of the
device and make the later metallization scheme feasible [25]. The formation of an ultra-
thin but still uniform Si film with high crystalline quality has become the major challenge
in the fabrication of UTB devices. For example, the channel film thickness has to be
scaled down to less than 5nm when the channel length is scaled to 20nm. Many
approaches have been proposed, and a promising one, solid-phase-epitaxy (SPE), will be

addressed in Chapter 3.

1.3 Silicide gates

Table 1.1 indicates that polysilicon is no longer a good gate material in deeply
scaled technologies. The poly depletion effect adds about 0.5nm to the physical gate
oxide thickness, making the already difficult oxide scaling even more difficult [26]. The
high resistivity of polysilicon degrades the circuit speed at high frequencies [27]. A
metallic gate is required to improve the gate conductance and eliminate the gate depletion
layer.

As mentioned, .a UTB MOSFET does not require channel doping for its
controlling of SCE. Actually, the transistor performance does not depend on either the
body doping type or the concentration as long as the concentration is within a quite large
range (<1x10'®cm™). Although this property provides UTB MOSFETs with immunity to
the dopant fluctuations, it also rules out the possibility of adjusting V, through body

doping, which has been used successfully in the conventional bulk MOSFETs for



decades. Other methods must be developed to achieve appropriate threshold voltages in
UTB devices.

Gate workfunction engineering seems the most feasible way to manipulate V, in a
UTB or DG MOSFET [6]. Two gate materials with the correct workfunctions, for NMOS
and PMOS, respectively, are required for the implementation of these structures, and
polysilicon no longer meets the workfunction requirement. To meet the roadmap
specification, new metallic gate materials have to be introduced into the process, which
significantly complicates the IC manufacture.

Nickel silicides formed from silicon films with various doping levels are
promising candidates for future gate electrodes. First, NiSi is metallic and has a
resistivity of 6puQecm, much lower than that of polysilicon. Second, the workfunction of
NiSi depends on the type and dose of ion implanted into the silicon film before the
formation of the silicide, and its range covers the desired workfunctions for both NMOS

and PMOS [28]. More detailed results will be presented in Chapter 4.

1.4 FinFET SONOS flash memory

Since mobile electronics, such as cellular phones, digital cameras, personal digital
assistants, and global positioning systems, are widely used, nonvolatile memory (NVM)
devices have become an indispensable semiconductor electronics component because
they provide 10 years of retention time even without a power supply. Among all NVM
devices, SONOS (silicon-oxide-nitride-oxide-silicon) flash has shown the best scalability
and the size of the flash cell has been scaled as quickly as the logic devices to achieve the

ultra high capacity of memory chips [29]. A SONOS flash memory cell is simply a



MOSFET with an extra silicon nitride film sandwiched between the tunnel oxide and the
inter-poly oxide to form a charge storage layer [30]. Electrons tunnel into and out of the
Si3;Ny layer in programming and erasing, respectively. The charge in the Si3Nj layer alters
the V, of the transistor, through which the stored information can be determined.

A SONOS gate stack shows significantly advantages over a floating gate stack by
storing charges in trap states inside the sandwiched nitride layer. Since the traps are
isolated from each other, even if a defect path forms in the tunnel oxide, most charge will
remain in the nitride and the information can be still retained [31]. Because the stored
charge can leak out of the nitride layer through the thin oxide even when the device is at
idle, the 10 years retention time sets the minimum tunnel oxide thickness in a SONOS
device. Significant V, window closure after 10 years retention can be observed when the
tunnel oxide is below 2nm [32]. After all, the minimum EOT of the SONOS gate stack is
around 7nm, and scaling the flash memory beyond 100nm is very challenging.

On the other hand, double-gate MOSFETs have demonstrated the best scalability
by offering an alternative way of scaling: the thinning of the body. Because the
fabrication of a self-aligned bottom gate imposes tremendous process challenges, many
novel structures and processes have been proposed. Among all DG structures proposed so
far, the FinFET (Fig 1.4a) is the most manufacturable because it eliminates the need for
the bottom gate by putting channels on the two sidewalls of the silicon fin [33]. In
Chapter 5, a process combining the FinFET and SONOS technology is described. Fig.
1.4b shows the cross section of the gate stack in a SONOS FinFET cell. The excellent

performance and scalability of such a device will be demonstrated.



Tunnel oxide

(a) (b)

Fig. 1.4 (a) Schematic of a FinFET (b) Cross-section of the SONOS cell gate stack
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Chapter 2

Subthreshold Model for Fully Depleted SOI Transistors

2.1 Introduction

Analytical modeling has played an important role in the evolution of
semiconductor industry. The understanding and accurate modeling of the device physics
have been guiding device design. As the channel length is scaled to its operational limits,
understanding two-dimensional (2D) short channel effects (SCE) becomes increasingly
crucial for device scaling. Since the conventional quasi-2D approach [1] is not adequate
to capture the 2D characteristics of the potential profile in the channel, a better model
with improved accuracy and an extended valid region is required. Moreover, as novel
structures and materials, such as pocket (also called halo) implants [2], high x gate
dielectrics [3] and ultra-thin-body (UTB) devices [4], are proposed to suppress SCE, new
models including their influences on device performance are in demand.

In this chapter, a true 2D model is developed for the single gate (SG) fully
depleted (FD) and double gate (DG) MOSFET. It includes the influence of pocket doping,
which has become an industry standard in suppressing SCE, and the 2D effect in the gate
dielectric, which is significant with the use of thick high x gate dielectric materials.
Compared with Frank’s model [5], which gives only an implicit equation for the scale
length, our model results in an explicit analytical scale length and 2D potential profiles in

the entire body.
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2.2 Performance characteristics

In modern circuitry, power, delay and density are the three dominant metrics for a
given technology. The density indicates both the amount of functionality that can be
integrated on a chip and its cost. The delay refers to the speed at which the function is
fulfilled, and it has been the major driving force of scaling for decades. Power shows
both the energy consumption and, more importantly, the heat generation. The latest
integrated circuit (IC) chips utilize a power density as high as 20W/cm? which
approaches that of an electrical oven. Self-heating of chips has become a decisive issue in
circuit design [6].

Although a MOSFET is often modeled as an ideal switch in many digital designs,
in reality, it consumes both a finite delay and finite power. For simplicity, the delay used
in this report will be the intrinsic delay, defined as t,=CV/I. The power consists of the
switching power and standby power. The switchiné power is CVfyitch, and the standby
power is LgV. To maintain a reasonable level of power consumption, the current leakage
L& must be kept below .a certain limit, which depends on the application type and is set
by the ITRS roadmap [7]. This power is particularly crucial in the ULSI era because there
are billions of transistors consuming the standby power even at idle [8].

A MOSFET has two distinct operational modes separated by the threshold voltage
V.: on and off. Fig 2.1 shows a typical drain current, in both logarithmic scale and linear
scale, versus the gate voltage. The threshold voltage can be defined in a number of ways.
In this chapter, we will choose it as the gate voltage at a drain current of 1,=40nA/um.

In the off region, the current is limited by the number of carriers that can

thermionically overcome the barrier in the channel, which, in tumn, is controlled by the
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gate voltage. Therefore, the current depends exponentially on the gate bias, ie.

I,=1,e lO(V‘_VT)/ ¥ . The subthreshold swing S, which is defined as the Vg change for

each decade of Iy change in the subthreshold region, indicates the effectiveness of the

gate control over the channel barrier; therefore, ¥, =Slog/, /Iw. Since the application

sets the acceptable level of I,g, the minimum V, is proportional to S and does not scale

with device dimensions [9].
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Fig. 2.1. Typical I3 vs. V, curve of a transistor. The threshold voltage separates its
on and off operation modes.

When the device is on, the current is limited by the number and velocity of charge

carriers. I, = nev=vC W (Vg -V, ) At a high drain bias, the device is in saturation, and

the carrier velocity is vy, a material constant of around 10’cm/s for electrons and

8*10%m/s for holes in silicon at room temperature [10]. At a low drain bias, the carrier

velocity i1s vV=HE=uV4/L, where |t is referred to as the carrier mobility.

More important is the intrinsic delay t,, which is the index of the circuit speed.

f

e
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The above equation clearly shows that scaling L is the major method for speeding
up the MOSFETs because it reduces gate capacitance as well as increases the drive
current. Although higher Vg4 results in faster circuit speed, as shown in equation (1),
unfortunately, Vgq actually is scaled down to reduce the power consumption. This
reduction is a compromise between maximizing performance and minimizing power
dissipation. As a matter of fact, Vy4 is scaled as quickly as the device dimensions are to
maintain a constant electric field inside the transistor for its reliability. Therefore it is
crucial to keep V, as low as possible, especially when Vg4 is scaled to be comparable to
V:. Improving the mobility , is another way to increase L, and reduce T [11,12].

In summary, S, pn and V; values are the essentials indices for device performance
with a given L and voltage supply. The smaller S, the lower V;, can be for a given level of
L. High mobility results in a high drive-current and fast circuit. Here, an appropriate V,
is assumed to be achievable with gate workfunction engineering, which will be discussed

in Chapter 4.

2.3 The Poisson equation in the body

Since the major challenge of scaling is the SCE, this model focuses on the
subthreshold behavior of a fully depleted transistor. Unless explicitly stated, NMOS will
be assumed throughout this chapter, and similar results can be derived for PMOS. For
convenience, the origin of the x-axis is set at the bottom of an SG transistor or the middle
of a DG transistor (Fig. 2.2). The label d refers to the body thickness of an SG device, or
one half of that in a DG MOSFET. Also, the source potential is used as the reference

point, i.e. V=0.
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The following assumptions and approximations are made to set up the problem.

A
A Front Gate |
[Front Gate
[ Gate d Tox
d =1 NO)..... LD
— No o Source 3 i y
] - > - Tox
y
@ )

Fig. 2.2. Schematic cross sections of (a) SG thin-body and (b) DG MOSFETs
Since only the subthreshold behavior of the MOSFET is involved, the full depletion
approximation is used inside the fully depleted body.
Ideal abrupt source/drain junctions are assumed, so that the boundaries between the
source/drain and channel do not move with bias.
In a UTB or DG structure, the body is so thin that vertical doping engineering
becomes impractical. Therefore, vertically uniform doping is assumed.
On the other hand, this model includes lateral doping engineering, such as pocket
implants, which are widely used in suppressing SCE. The doping profile along the
channel is assumed to be symmetric to the centerline at y=L/2, which applies almost
exclusively to modern circuits.
In the case of a DG MOSFET, the devices are assumed to be symmetric to the
centerline x=0. That means the front and back gates share the same gate
workfunction and bias, same gate dielectric material and thickness. Therefore, only
half of the device needs to be modeled. Also due to the symmetry, the vertical
electric field vanishes at the middle of the device (x=0).

In the case of a UTB MOSFET, infinitely thick buried oxide (BOX) is assumed, and
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the fringing fields through the BOX are ignored. Therefore, with no vertical field at
the bottom interface, an SG MOSFET can be treated as a half of a DG device. In
reality, the fringing fields through the buried oxide degrade the SCE of a UTB

MOSFET [13]. Low-x materials are desirable as the bottom insulator.

7. First, the electrical field in the gate dielectric is assumed to be strictly vertical. The
2D effect of the gate dielectric will be discussed and modeled in section 2.8.
Based on the above assumptions, the body in a fully depleted SOI MOSFET is
simply a box with a fixed charge density of -qN(y) (positive N(y) for a p-type body and
negative for an n-type body) . The Poisson equation in the body is:

& 4V __-aNQ)
dx*  dy? £,

= p(y) 2)

The boundary conditions are:

M,,=0, ¥|_, =V, and %Lo =0, V+§—:-Ta, ‘Z Ve =V =¥y 3)

Tox is the thickness of the silicon dioxide as the gate insulator and Vi (V) is the
gate (drain) bias voltage. Here, ¢g is defined as the workfunction difference between the
gate and the source. When conventional N+/P+ poly gates are used in N+/P+ MOSFETs,

0gs €quals zero.

2.4  General solution and its simplification

2.4.1 General solution

The solution V(x,y) can be separated into two terms: V(x,y)=U(x,y)+h(y). Here

h(y) satisfies 4’k _ and h(0)=0, h(L)=Vgs, while U(x,y) satisfies 4°U  d*U _ . and
dy? ,O) dx®  dy?
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U(x,0)=U(x,L)=0. The general solution is U(x.y)= Z[A cosh(EL—x)+B snnh(LxJJSIn(kf ,v).

k=l

The coefficients Ay and By can be calculated from the boundary conditions in the x

direction as: B, =0 and A, =C, / [cosh(-’fi’f-d)+——7' < S ‘nh(kl’f d]] , where C.’s are the

ax

Fourier coefficients of Veph(y).

Since the solution is a sum of sin(kzz%) terms, it is natural to expand p(y) as

)= ZD, sm(lm—] Then, h(y) can be easily solved from the 1D differential equation as

k=1

. 2 . ‘ Ly
h(,v)-—ZD ( ”) sm(kﬂ%}m%, and C, =7c;{[1—(—1) Vo +(-1) V¢}+D‘(-k;) )

k=t

Therefore, the final result of the potential profile is:

kr \ . (kn
- C, cosh(T x)sm(T y) y »
Vx)=3, -ZDk( ) sm( ]+Vd,— (€
i cosh(k—”d]+£—"T k—”smh(lm d) = L)L
L £ L L

ar

2.4.2 2" order approximation
Since it has been well established that d<<L is required to suppress SCE in nano-

scaled MOSFETs [14], the following approximation can be made:

cosh(k—” ] di—x?
L = — = I__and ls‘/b‘—"Tmh ;x 5)
cosh(k”d)+ﬁ7' ’msmh( d) |+(L‘£) (fi +2‘.} |+[_/‘£J Ear

L L L L)le, 2

T.d
ox L

With this approximation, all of the x dependence of the potential is contained in /,

the scale length of the MOSFET. V(x,y) can be simplified as:

20-CVWg WV b (1Y (LY. (, ¥
Vo= §{/m 1+ (k] L} +1+(kzd/L)’\kfrJ D‘(’"’) }sm(kn)w”

2 0-C0 W+ (k_rz )_“ DI* si,,(k_rr
Skn 1+ (kad/L} L’ f= 1+ (kend/ LY L

I

©

}’]"‘V.ﬁ

o~
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It is further simplified with the following identities [15] and their integral forms:

Z cos(kzy) _ a cosh(a—~ay) _l_ Z( 1)* cos(kzzy) a cosh(ay) 1

L (knla} 2  sinha & \+(knla)y 2 sinha 2 )
o
Then, finally,

. e
Equivalently, v(x, y) = V,,{l- °°52£(s’]'1 (/ 21-27))/ I]}+V :“‘: %; +AV(x,y) 9)

The last term AV(x,y) is the potential caused by the substrate doping and is

independent of the applied bias. It can be further derived as (Appendix 2A)

| -y yt L/2 t (10)
AV(x,y)= cosh(L/2]) I_COSh jp(t)smh—dt-l-smh I p(t)cosh————dt

2.4.3 Subthreshold swing and V, definition
Next, we will relate the internal potential profile to the device’s external electrical
characteristics. In the subthreshold state, the drain current is predominantly limited by the

number of carriers thermionically excited over the barrier in the channel

N, =N. exp(q:;‘f“). Therefore, the current leakage depends exponentially on the barrier

height Viyin, 1.€. 1, = exp(q—kT"‘&). Since the current flows along the path with a minimum

barrier, the position of the barrier can be found at the minimum of the potential in the y

direction, but at the maximum in the x direction. Supposing it is located at (Xo,Yo), then

I, = T.de, £, +(@ - X2)]2 » and we can derive the subthreshold swing:

S= dV,  kTlogl0 dV, _ 60 mV/dec (11)
" dlogl, g dV, 1-cosh[(L/2-y)/l,)/cosh(L/2l,)

22



The threshold voltage (V) is defined as the gate voltage at a certain level of
current leakage. It corresponds to a specific barrier height Vmin=Vy . The exact value of
V), depends on the actual definition of V,, which itself is not a settled issue. Practically,
Vb= -0.2V, which matches closely the widely used definition of V, at [;=40nA/um. It is
observed that the drain bias V4, causes a reduction of the threshold voltage by modifying
the potential barrier. This effect is called “drain-induced barrier lowering” (DIBL), an
important index of SCE. The DIBL coefficient can be calculated as:

v, _dv,, /dvm _ sinh (/1) (12)

C = =
PPET9V,  dV, [/ dv,  sinh(Lfl,)~-sinh (y/l,)-sinh[(L - y)/})

The minimum (optimum) swing and maximum (worst) Cppy. are produced when

the barrier is at the middle of the channel, i.e. y=L/2, and they are linearly related.

S=60_m_V_ |_; , CDIBL=1 1 ___l( S -—l) (13)
dec cosh(L/2l,) 2cosh(L/2L)~1 2\ 60mV /dec

Notice that this simple relation holds as long as the barrier is at the middle of the
channel. Either a finite Vg or pocket doping can shift the potential barrier closer to the
source side. From the formula for S and Cpp, this shift degrades the -subthreshold swing,
but improves the DIBL coefficient. More discussion of this subject will be presented in

the next section.

2.5 Uniformly doped body

2.5.1 Potential profile and short channel effects

_cosh[(L/2- y)/l]}

. o
When p is constant, AV can be calculated as AV =-p! {1 cosh(Z/2])

The potential profile can be simplified to equation (14) and the channel doping
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merely causes a shift in Vew V) =V, —pI* . Fig. 2.3 demonstrates the excellent

agreement throughout the entire body of the potential with numerical simulation results.
The device simulation tool used throughout this chapter is ATLAS from Silvaco, which

solves the potential and current based on device physics and material properties.

_ e | _sinb[(L-p)/1y| ., sinh(y/D) (14)
Viz.p) V‘”{l sinh (L/1) } Ve Vd’)sinh(L/I)

simulation

Potential (V)

Fig. 2.3. The good agreement in the potential profile between the simulation and
modeling results. (To,=2nm, d=7nm, L=50nm, V=0, V.= -0.48V, V,=1V)

2D models for the potential profile in FD SOI MOSFETs with uniform doping
have been previously published by Young [16] and Yan [17]. Both make virtually the
same assumption that the potential profile is parabolic in the x direction [18]. The fact
that equation (14) agrees with their final results verifies that their assumptions are
equivalent to the 2™ order expansion of our model. The above derivation also indicates
that those models are valid only for long channel devices (L>>d) since higher order terms

become significant at short channel lengths.

From the potential profile, the barrier height can be derived. Then V; can be
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solved as the gate voltage when Vi, (x)=V}, (Appendix 2B).

= _ a2 1 v _ . zi_ ) (15)
Vmin(x)-yrﬂ’ pl +sinh(L/1) J;V“”(Vr‘” Vd,)Slnh 21 Vds
Vl = ¢g; +pl: + Vb +[Vb _V_;""\JVI,(VI, —Vw)coshi]/sinhzﬁ (16)

With a uniformly doped body, S and Cpp can be calculated at an arbitrary bias.

Fig. 2.4 plots S and Cpg,. as functions of V.

e /ll" (v, - 2V, tanh(L/21,) ] and . = .l+cosh(L/210)/,/l+V¢,/|V,,| 17)

decf | AWy ~VulWysinh? (L/2h) -V, 2sinh?(L/2l,)

1004
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Fig. 2.4. (a) Subthreshold swing with V’.4=-0.5V and (b) DIBL coefficient change with
the drain bias.

It is observed that the swing is insensitive to Vg4, and is well represented by the
value at V4=0, unless the device is scaled at its SCE limit, i.e. L//,=4. CpisL decreases’
with increasing Vs, reachiﬁg about 50% of its original value at 1.2V. On average, the
DIBL effect can be approximated as: AV= -0Cpp(0)Vy and 0~0.8 for V,=1.2V.
Therefore, the SCE of a transistor can be well represented by its swing and Cpp, values
at V4=0. Since the barrier is simply at the middle point of the channel at this special bias,

the DIBL coefficient is still linearly related to the subthreshold swing.
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Fig. 2.5a shows that L// determines the SCE of a given device. It also shows that
L/I,>4 is required to achieve good SCE, which is set roughly at S=80mV/dec and
AV pp1<0.15V with V4=1.2V. Fig. 2.5b plots the minimum gate length for a given
device geometry (Tox and d), using the above crit;eria Lmin=4l,. This result can be used as
a guide in designing deeply scaled devices. For example, a 10nm MOSFET with a Inm

Tox requires a body thickness of 2nm (or 4nm in double gate structures).

100- 40,
£ o F = 3
3 g & |
o 80- § ~> 204
£ 4 1
2 70 = £ 104
@ a v Toetnm, 1.50m,
1 2nm, 3nm, 5nm
60 c o T T T T T T T Laam |
0 2 4 6 8 10
Body thickness d (nm)
(@ (®) '

Fig. 2.5. (a) Subthreshold swing and DIBL coefficient vs. L/, at V4=0. (b) The
minimum channel length with S<80mV/dec as a function of device dimensions.

L, =4l =4yT de,Jz, +d*/2 is used for the reason explained in Section 2.5.2.

In equation (16), the last term vanishes when L>>I, i.e. ¥, > ¢, + pl; +V, for

long channel devices. The term pl,2=qNI, /&5 shows the extent of V, shift caused by the
body doping. Since /,<Lmin/4 is required for suppressed SCE, channel doping can’t
provide sufficient V, adjustment for future device generations with L<25nm. For example,
a body doping of 7x10'%cm™ is required for 0.4V V, shift with /,=6nm. Therefore, gate
workfunction engineering is the only effective way to achieve the appropriate V,, which

will be addressed in more details in Chapter 4.
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2.5.2 Critical doping and leakage depth

As shown in the previous section, the ratio L// determines the SCE of a transistor.

2_ y2
However, to calculate the scale length 4 EJ%T,,d +2 2X° , the leakage path depth x must

be located first. Since the current leakage flows through the path with the lowest barrier,
it is equivalent to find the depth with maximum Vpin(x).

Inside the body, the 2D effect bends the barrier up towards the front surface and
the p-type ionized dopants do the opposite. At high doping levels (p-type), the latter

dominates, and the barrier is lower at the front surface. Therefore, the mobile charge
carriers are pushed towards the front surface (x=d) and the scale length is % =J%Tud .In

this case, the scale length / reaches its minimum value and results in the best SCE.
Provided the doping is still low enough such that the body is fully depleted, the depleted

body is analogous to the depletion region in a bulk MOSFET, as shown by the similarity
between this scale length and its classic counterpart i, = ,%T,,W,,,, where Wy, is the
depletion depth in a bulk MOSFET.

When the channel is lightly doped, undoped or counter-doped, the barrier is

actually lower at the back interface of a UTB transistor where the gate control is weaker.

Because the leakage flows through the back interface, i.e. x=0, the scale length is
modified into /= ’%T‘“d +d72 , as has been pointed out in some other publications [19,20].

In this case, the scaling of body thickness is even more effective in suppressing SCE,
because the shrinking of the body thickness will cut out most of the current leakage,

which concentrates at the back interface.
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Since the short channel characteristics are simply functions of L/l,, devices with
higher channel doping gives better SCE by pushing the leakage path to the front, and
gives rise to more efficient gate control. Fig. 2.6 clearly demonstrates the improvement of

SCE at the high body-doping end.
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Fig. 2.6. Simulation (Atlas from Silvaco) shows that a high body doping improves

the SCE by pushing the leakage to the front surface. (L=30nm, d=10nm, T,,=2nm)

Swing (mV/dec)
8

The depth of the current leakage can be obtained by finding the minimum barrier

(or maximum potential), i.e. % =0. Although the path moves with bias, for simplicity,

1
the profile at V4s=0 is used: Vua(*) =gy - ol z)[l -m]. The critical doping level N,

is defined as the doping concentration with the leakage flowing through the middle of the

channel (x=d/2) at the spéciﬁc bias of V4s=0 and Vg=V,. The resulting N is:

_-e WL sinh(L/2) e fW|L cosh(L/4l,) (19)
©7 2gB [cosh(L/2l,)-1F ~ 4ql} sinh®(L/4L,)

Fig. 2.7 plots N, as a function of the channel length with To,=2nm and different

- 4
body thicknesses. For very short channel devices (L<25nm), N. _)]6¢;T’b|’ becomes
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independent of the vertical dimensions. Unfortunately, N, is typically too high to be
practical in that region; therefore channel doping can not push the leakage path to the

front surface for good SCE and the worst-case scale length has to be used.
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Fig. 2.7. The critical doping level N, as a function of the channel length L.

Fig. 2.8 demonstrates the excellent agreement of the model results with numerical

simulation (Silvaco). Since the channel is undoped in this case, the scale length of
I =J% T.d +d2—'2 is used. The result indicates that the minimum gate length with the given

dimensions is about 32nm. Devices with shorter gate lengths are possible with further
reduction of the body and gate oxide thicknesses.
Our model does not address quantum effects on device performance. In the first

order approximation, quantum confinement causes two modifications. First, it raises the
2.2
band edge by ;m—f;,, where m* is the effective mass of the carrier [21]. This effect can be

easily included as an increase in the parameter Vy,. Second, the carriers are repelled from
the Si/SiO; interface with a charge centroid of 9, typically at around 1nm [22]. Therefore,

the depth x can not reach its extreme values, and is limited in the range of (8, d-6). The
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scale length may need to be modified to include this effect.
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Fig. 2.8. Comparison of subthreshold swing and V, between the 2D analytical
model and numerical simulation. (To=2nm, d=7nm, Nye4y=0. /,=8.1nm)

Channel with pocket doping

High pocket implants (p-type for NMOS) are commonly added at the ends of the

channel to suppress SCE [2]. To perform the calculation of the potential profile, the

analytic form of the pocket doping profile, which is typically not available from the

process, is required. Even with known pocket doping profiles, the.potential and threshold

voltage can be analytically solved for only in a few special cases, such as an exponential

doping profile. However, some primitive results can be still achieved even with an

arbitrary pocket doping.

2.6.1 Long channel model

Since pocket doping locally increases the barrier, there can be two barriers in the

channel: one near the source and one near the drain. When channel length is long, these
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two barriers are separated, and the barrier at the source side determines the device’s SCE.

For long L>>1, the potential in the channel can be simplified as

L2 o _
Vix,y)= Vqr(l —exp:IAy-J-é j p(t)[exp |y1 ’I —exp (yIH)]dt (20)
0

The barrier position (Xo,Y0) can be solved numerically from the above potential,

which is independent of the channel length or drain bias. Then

see M g, =20l =D)L] @D
1-exp(- Y, /1,) dec 1-exp(-Y,/1,)

By putting the barrier closer to the source (y<L/2), pocket doping can
significantly improve the Cpr, but will degrade the swing because now the barrier is
more controlled by the source and less by the drain. The formula for the swing also
indicates that the potential peak must be at least 1.4/ away from the source to get an
acceptable swing (S<80mV/dec). This imposes a minimum lateral displacement of the
pocket doping.

2.6.2 Short channel model

For very short channel devices, which are of great interest, those two barriers
merge, so that the barrier is still located at y=L/2 when V4=0. Therefore, the simple
formulas for swing and Cpmy still hold:

o™ flio L ___ LY (. S
S_Godec/ {' cosh(L/ZIo)] and CD'BL(O)—2(6OmV/dec l] @2)

Typically, the doping in the body will not change the scale length, unless it
crosses the critical doping. Therefore, body-doping engineering does not help improve
the subthreshold swing or DIBL. On the other hand, pocket doping in a bulk device
reduces the depletion depth and, in turn, improves the scale length and SCE.

The V. roll-off behavior involves a simple integration of the pocket profile.
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,
V=0, +V, +[V,, —%Vﬁ +10pr(t)sinh li]dt] / (cosh% - l) (23)
0

0 0

The last term in the bracket is the SCE term, including three contributions from
distinct sources. The first one is the intrinsic V. roll-off due to the existence of the built-in
voltage (Vp) between the channel and S/D. Because devices with different channel
lengths have different swing values, the amount of the roll-off depends on the V,
definition or the value of Vy. If V is defined at a lower Iy, |V} is higher, and more V, roll-

off will be observed (Fig. 2.9).

Drain current (A/um)

00 02 04 06 08 1.0

Gate bias (V)

Fig. 2.9. The level of I, at which the threshold voltage is defined, not only changes
the value of V,, but also its L-dependence. (Tox=2nm, d=7nm)

The second term is DIBL. Since Vg4, applies only on the drain side while Vy, exists
on both source/drain sides, its effect on potential is half of V,’s. Moreover, because a
finite Vy; shifts the barrier away ffom the drain, its voltage coupling to the channel is
further reduced. Therefore, on average, the factor ov2 is applied. It is found that o is
insensitive to the exact pocket shape; therefore, 0~0.8 can be still used with pockets at
Vgs=1.2V.

The third term is from the pocket doping and is bias independent but L dependent.
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With a constant doping profile, this term reduces to a constant shift in V,, as discussed in
the previous section. Non-uniform pocket doping can be incorporated into the channel to
compensate for the first item. The formula clearly shows that laterally deeper pockets are
more effective in controlling V, roll-off, reaching the highest efficiency when peaking at
L/2. On the other hand, the maximum V, shift from the channel doping is Pmax,’>, Which
vanishes when then channel length is scaled down since /, has to be kept below Lnin/4 to
suppress SCE.

In short, pocket doping does not improve either swing or DIBL, but it can cause
an L-dependent V, shift to compensate for the V. roll-off. However, this advantage also
vanishes when the channel length is scaled below 25nm.

2.6.3 Model verification

Two cases are presented to examine the model, with excellent agreement achieved
between our model results and simulation results (Silvaco). The first one makes use of
cubic pocket doping on both ends of the channel. Fig. 2.10a shows the pocket doping
profile and Fig. 2.10b compares the modeling with simulation results. The model consists
of two regions: short and long L. The combination of these two can fit the device
behavior over the whole range of channel length. In the long L region, V, and swing are
two L-independent constants. In the short L region, the two barriers merge at the middle
of the channel and the simple equations (22) for S and DIBL apply. The effect of the
pocket doping can be observed in the V, roll-up at intermediate channel lengths. This V,
roll-up can partially balance the V, roll-off and extend the gate length with acceptable
|AVy| to a lower limit. If perfectly balanced, AV, would be symmetrical around the

nominal value, so |AV| is half of the V. drop due to the DIBL effect.
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A Gaussian pocket profile, which is more realistic in terms of manufacturing, is
investigated in the second case (Fig. 2.11). Due to the tail of the Gaussian profile, the
transition between the long and short channel regions is much smoother here. On the
other hand, the Gaussian pocket is less effective because it peaks at the edges of the

channel, while the cubic pocket extends more towards the center.

2.7 4™ order approximation

The 2" order approximation relies heavily on the assumption of L>>d, which is
typically true for devices with good SCE. Discrepancy between the model and simulation
is observed near the region of L//,~4. Moreover, when devices are scaled down, the
tolerance of SCE is a.lso increased, and L/, might be extended below 4. Therefore, the
prediction accuracy of the model may not be sufficient at the short channel length, which
is of great interest. Higher order terms must be evaluated to achieve a better prediction
capability for the model with extended SCE limits.

When the infinite sum (4) is expanded into the 4™ order of d/L, two scale lengths
result, but only the larger one limits the SCE. The same identities (7) and (8) can be
applied to each term to convert the potential into the closed-form result as in (26). (An

undoped body is assumed here for simplicity.)

cosh(k—” ) ;
L - 1
2 4
cosh(—lizd)-fﬁ'-n,zsinh(k—zd) 1+ k_”) Eip d.;.ﬂ .,.(k_”) ﬂ.rw_d’+_d.‘.+§"_‘_fire_fdx_z_d1xz
L £, L L L)\e, ™ 2 L)le, 6 24 24 g 2 4
1 i 1 5 1 (24)

T 0+ G, LY+ (kdy /LYY B —E (1 (e LY [ —I2 1+ (kdy /L) ]

1{ g, d*-x* £ £ d’ d'+d’x* -7x*
Bz | 28T deo— et (AT dY + 5T d(—+x) 4+ —m——
And 12 2[6‘ o 2 J(Eu ud) P (3 x%) 2

ox
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I} Vo sinhl(Z - y)/h1+ V=V )sinhly/l] 17 Vi sinhl(L - y)/1,)+ (Vyy —V,)sinh(y/l)  (26)

Vix,y)=V, -
x))=Vy - sinh (/1)) -1 sinh (/1)

At V4=0, the minimum potential is still at y=L/2. While analytic forms of swing
and the DIBL coefficient can be still derived, the V, formula is too complicated to be
derived without further approximations, and numerical calculation is needed.

s=60"" /1= i ! + h l and C,, (0)=1 S 1] (27
dec/ || 1T—1Z cosn(L/2l) P12 cosh(L/21,) “L”'E(eomwm' J( )

In Fig. 2.12, the model results are extended to an unrealistic region, where swing
exceeds 500mV and V, roll-off is more than 2V. Still, the 4™ order agrees excellently
with the infinite sum results (equation (4)), and the improvement of this model is

significant for short channel devices down to L=10nm.
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Fig. 2.12. Comparison between the 2™ and 4™ order modeling results. Significant
improvement is observed near the scaling limit, where severe SCE occurs.
(Tox=2nm, d=7nm, Nin,=0, x=0)

2.8 2D effects in the gate dielectric

In the last few decades, the gate oxide has been dramatically scaled to achieve

smaller scale lengths, but it is reaching its ultimate thickness limited by the gate tunneling
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current. At the 70nm technology node, the limit is about 12A with the corresponding
supply voltage and gate leakage tolerance [23]. High x materials are proposed and
investigated to suppress the gate tunneling leakage. In the expression of the scale length,
only the ratio of To/Eox is relevant because ideal front surface boundary conditions are
assumed. When thick high x materials are used, a thicker dielectric layer can achieve the
same scale length with its high dielectric constant. However, the 2D effect in the gate
dielectric, which was neglected in the previous discussion, becomes significant [24].

To model this phenomenon, a new approximation is made: the source and drain

boundaries are extended all the way up to the gate, i.e. V|y +=0 VIFL =V, even in the

insulator. By doing this, the 2D effect in the gate dielectric is overestimated, but an
analytic solution with good fitting can result. The form of the solution in the dielectric is

slightly different from that in the silicon due to the lack of ionized charges.

oy . (k LY. (k
In the silicon: ¥(x,y)= E‘Z[A‘ cos szx] +B, Smh(Tz X) -D, (‘1;;) ]sm(T" YJ +Vy % (28)
In the gate dielectric: v(x,y) = Z[E f cosh(kT” x) +F, sinh(l%r x)] sin(kT”- y] +V, % 29)
k

. ) dV(x, &, dV'(x, )
At the boundaries V(d\y)=V'(d,y), g‘c” — “;‘y’ and V'(d +T,,y)=V,,
x=d i x=d

where T is the gate insulator thickness and ¢€; is its relative dielectric constant. From the
boundary conditions, the coefficients can be solved as

2y LY oaf*2
) kz[(l (=D Wy +(-1) V‘,]+D,(k”) cosh( 7 T,)

A= and B, =0. (30)
cosh(%d)cosh(-’%ﬂ)+£"—sinh(k7”d) sinh(kT”T,] '

&

It is in agreement with equation (4) when expanded only into the first order of the

T term. Similarly, the above result can be expanded to the 2nd order, and the identical
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closed-form formula for the potential profile can be achieved, except for the following

modifications:

2 ] 2
£, 1 £, 1]( € _T,
I= 8—1‘7‘,d+5(7',’+d’—x')=Je—'T~d+5|:[e—"‘-T~) +d’-x‘] and D,=D,{l 2,2]. 3D

Defined as T, =T, €, /¢,, Teq is the equivalent oxide thickness (EOT) when the

2D effect in the dielectric is ignored. This result implies that the 2D effect in the gate
dielectric increases the scale length / and worsens the SCE. Since T does not always
appear together with g, the EOT alone is not sufficient in-the determination of dévice
behaviors. When silicon oxide is used as the gate dielectric in the current technology,
Ti<<d holds, and the modification is negligible. However, when thick high k materials
and ultra-thin bodies are used, T| can be comparable to or even larger than d. This extra
T/2 term becomes significant and its inclusion is essential for accurate modeling.

The modification of the Dy’s reflects the fact that the ionized dopants do not exist

in the dielectric. It can be further simplified as a scaling of the doping concentration;

2

L
Niy)= N(y)(l-zT) )

With the use of the modified scale length and channel doping, the formulas for the
potential profile, subthreshold swing, threshold voltage and DIBL coefficients remain the
same. Therefore, the discussion in previous sections is still valid. L// still determines the
SCE of a device, but now the device dimensions must be scaled further for the same /.

Fig. 2.13 demonstrates the 2D effects of the high-kx dielectric on device SCE. In
(a), the minimum channel length versus high-« dielectric constant €; of the gate insulator
is plotted. With a fixed EOT value, high-x dielectric shows more 2D effects, and the

degradation becomes obvious when g >10. With high g, the T/2 term dominates and
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Lninc<€;. With a fixed Ty value, the improvement from the higher dielectric constant
diminishes at high €. In (b), the high-x EOT without the 2D effect in the dielectric is
converted to a SiO; thickness for the same SCE (or the same /). Due to the increased 2D

effect, the EOT of the high-x dielectric must be thinner than that of SiO, to achieve the

same scale length. For example, a gate dielectric of 0.5nm EOT with g =100 is as
effective as a Snm SiO,. Therefore, the use of the modified scale length /, which includes
the 2D effect in the gate dielectric, is crucial to evaluate the efficiency of high-k

dielectrics in the suppression of SCE.

E Fixed EOT OT=5nm _
E ----- Fixed T, g 4
2 EOT=2nm £
5 o
— 1004 0 3]
° EOT=1nm [}] -
2 g
c
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o~
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s 3.9,6,10,20,30,50,100
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(@) (b)

Fig. 2.13. 2D effects of the gate dielectric layer. (a) The minimum channel length as a
function of the dielectric constant, either by fixing the EOT or T, at 0.5, 1, 2 and 5nm.
(d=5nm) (b) SiO, thickness vs. high-x EOT for the same SCE. (d=5nm)

Equation (30) can be expanded to the 4™ order too for better accuracy. With the
2D effect in the gate dielectric included, a result similar to equation (26) can be reached,

except for another modification of the scale lengths.

4T, la* + 1} -24°T}
2 Ty 12

+ &y 4 Ee @ + 1)
!

,',221[51,[ ie j at x=0 (32)
T 2] g e

at x=d (33)
12

ax

1| € 7, & g, l
By=—| HTd+-L s L 4 (LY AT} +——LT,d(4d* + T}
1.2 2[8, ! 2 J (5:) Y ( )
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The 2D effect in the gate dielectric is addressed through another approach by
Frank [5]. There, the scaling length can be solved from an implicit equation: |

€, /¢ an(T, /lytan(d /1) =1 | (34)

Fig. 2.14 plots the scaling lengths obtained from our 2™ and 4™ order models, as
well as the model in Ref. [5], with Toxeq=1,2,5 nm and various dielectric constants. All
three models agree very well in the whole range of dielectric constants and T, except
that the 2" order model always gives a slightly la;'ger scaling length. The difference
between models is small, i.e. about 5% in the scale length. Even in the extreme case of
L=3/, the difference accounts for only 25mV in AV, g and 2% in S while S=104mV. The
4™ order model may be essential in future generations where higher S and AV, are
tolerated and L is pushed far beyond 4/. On the other hand, the 2" order model captures

most of the physics and is still very simple to implement.

100+
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‘g 4th order
c = Frank's model
=
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°
]
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Fig. 2.14. Comparison between the 2™ and 4™ order modeling results with Frank’s
model. The explicit expression here agrees with the numerical solution of the
Frank’s model. (d=5nm and undoped body)
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2.9 Conclusion

A two-dimensional analytical subthreshold model for fully depleted SOI and
double-gate MOSFETs has been developed. The subthreshold behaviors (swing, V,,
DIBL) and 2D potential profiles are calculated from the device’s physical dimensions and

doping profile. The 2D effects in both the channel and high-k gate dielectric on short

channel effects are incorporated into a scale length ;= ’%rﬂu”*—d;'i. Pocket doping

can be used to improve the V, roll-off, but not the subthreshold swing or DIBL effect.
Body doping engineering becomes ineffective in controlling either SCE or V, when the
Lumin is scaled below 25nm. If d&>>T,, the scaling of the body thickness is more effective
than is the scaling of Tox for suppressing SCE. The model also predicts the structural
dimensions for very short channel devices (L~10nm) as long as the thermionic current
leakage still dominates. Improved prediction capability can be acquired by the use of the
more complicated 4™ order model. The closed form results can be easily used to guide the

design of device dimensions and doping profiles.
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Appendix 2A Simplification of AV

Note the fact that the channel doping profile is symmetric around y=L/2, i.e.

p(y)= p(L-y). So Dg's are nonzero only when k is odd.

RN N A W & |V G P
ar= ,,Z.;H(km/l.)’ s'"(k”L)— 2;‘ 1+(km /L) s"{kﬂLJ

Combining two identities in (7), we can get

¥ [1-(-1)f1cos 2kﬂy a[cosh(a—ay) _cosh ay] a_ gl nh(-a— -ay) _a sinh(a/2-ay)
T 1+(kz/a) 2| sinha sinh a sinh a 2 2 cosha/2

Let f(r)= ZA sin(kz) and g(t) = ZB cos(km) . Their convolution can be

k=1

calculated as: (* represents the convolution of two functions.)

h(x) = f(x)*g(x)=2 J’ F(t)g(x—t)dt = ZA B, jzsm jt)coskm(x—¢))dt

Jk=1

-ZA B, j{sm[m(, k) + kax)+ sin[m (G + k) - k] }dt = ZA B, sin(kmx)s, = ZA B, sin(kznx)

Jk=1 Jik=}

z - )lz 1 . L/2— Iyl
V= E = _—__
Therefore, A 2 Lo ] ( [/ )2 (kﬂ' L) p( ) 21 cosh( /21) sinh ]

Also, due to the symmetry of the doping profile, AV is symmetric to y=L/2;

therefore only the calculation for y<L/2 is required.

Ay =-== Ip() ‘ hL/Z-Ilyﬂf,,

2/ cosh(L/ 21)

~ 2cosh(L/2D)| ] S A

-1 ( L LI2—y+t . y=LI2+1), ¢ Li2—t+y t—-L/2+y
= ¢ nh +sinh t inh
2cosh(L/21)[Jp ( )(51 ] s 7 -‘ pU) sinh 1 st ] )d'

In the last step, t is transfered to L-t for t>L/2, and p(t) = p(L —1¢) is used. Finally,

~

= [Ip(l)sinthu[“f o]+ | ]p(t)sinh—“z‘l("y)dt]

-1
" cosh(L/21)

/2
[cosh Lr2 ] b4 j p(t)sinh -dt+smh b4 I p) cosh dt]
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Appendix 2B Calculation of the barrier and V; with uniform doping

First, we want to solve for the barrier height in the channel, which is the minimum

potential of the profile along the y direction.

V) =vy -5 h i {[V V-V exp[— ﬂ]exp(ﬂ«*[w, exp(ﬂ- V- V,,)]ex;{- %]}
From ﬂ =0 We get exp( 1 exp ] ex;{-—lz/ exp -V, - 4,)}
L 1 , , L
Therefore, y= %3 ln{[Vq, -y -V, )exp -= ] /[V -V, =V exp(— 7)]}
4 ] ’ 4 L L
Vm(") = Vd‘ _WJI:V'I - de - Vw- exp(— -I-J][Vw exp( J (V ~V, )]

’

l ’ , . 2! L 2
=V e |4y’ (V) -V, )sinh? = |-V,
o7 sinh(L/I)\/ a (e ~Vadsi (21] &

At the threshold bias, Vg=V,, and Vyin(x)=Vs. V: can be solved:

& Wy -V, )smhz—l-—Vz-( 7 V)’ smh2£_4( -V,)? smhzicosh’;}

V'zsinh4——V' sinhz—(ZVbcoshz£—V4,)+Vbzsixﬂ12-L—coshzL V—z =0
o4 2 7 21 21 21 20 4

L L
sV, =|V, cosh? =—-—~__[v,(V, ~V, )cosh— | /sinh? =
7 ["cos 20 2 e =) 21]/l 21

V,=9, +p1’+Vb+l:Vb—V7"—,/Vb(Vb-V¢, ) cosh %:l/sinh2 L
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Chapter 3

Solid Phase Epitaxy for UTB MOSFETSs

3.1 Introduction

Fully depleted (FD) structures show promise in suppressing short channel effects

(SCE) in sub-50nm transistors, and body thickness is the most critical parameter in
device design [1,2). In Chapter 2, it has been proved that Lu. ->-41=4J%T,.d+d7 for an

acceptable level of SCE; therefore, 4<r_/V8=L_/3- Although, the formation of the

ultra-thin channel imposes tremendous process difficulties, several attractive methods

have been proposed. In a FinFET, the narrow fin has a limited width of T; =2d <L, /1.5,

and it is typically created via lithography. In a current CMOS process, the gate patterning
is the limiting lithography step. Since the fin must be narrower than the gate, the
fabrication process requires a higher lithography capability beyond the scaling limit [3].
In an ultra-thin-body (UTB) MOSFET, the thin film is commonly generated by thinning
down a thick SOI (silicon on insulator) film in multiple etches or oxidations [4]. However,
the thickness uniformity of the initial SOI wafer is around 5nm, and any non-self limiting
process introduces extra thjckness variation, so mass production of uniform 10nm thin
films using these approaches will be challenging.

LPCVD (low pressure chemical vapor deposition) films are well known to be
uniform and controllable in thickness, but typically are amorphous or poly-crystalline.
Solid-phase-epitaxy (SPE) is proposed as a practical approach to convert a uniform

LPCVD amorphous film into a single crystalline form. Solid-phase-crystallization has
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been widely used to grow polycrystalline films with large grains in thin-film-transistor
(TFT) applications [5]. To get a single crystalline silicon film with a controlled
orientation, seeds are required to initiate the crystallization. Since the channel film will
lie on top of an oxide, lateral crystallization is required [6].

Fig. 1a shows the basic concept of lateral SPE. First, trenches are created in the
initial SOI film, and a thin amorphous silicon film is deposited on both the silicon and the
oxide surface. Crystallization in lateral directions from the remaining silicon islands
occurs throughout the entire amorphous silicon film. This novel manufacturing process
opens a window for improvement of conventional CMOS. It is feasible to use other
materials as channel films as long as they can grow epitaxially on silicon surfaces.
Strained SiGe film is one promising candidate to improve the performance of the
transistors due to its high mobility [7]. Moreover, since the channel film can be created
by epitaxy, SPE offers opportunities for multi-layer circuit integration [8]. There are two
forms of SPE: non-planarized and planarized. In a planarized scheme, the trenches are
filled with oxide, which is then etched back to achieve a planar surface (Fig. 1b).
MOSFETs fabricated from non-planarized SPE films have already been published [9],
and the ones with the planarized SPE will be presented in this report.

Crystallized film from amorphous Si

BOX

(b)

Fig. 1. Non-planarized (a) and planarized (b) solid phase epitaxy

The MOSFET with a planarized SPE film has the following advantages over its
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counterpart. First, it has a flat topography, leading presumably to better crystalline quality
for the final SPE film. Second, it lowers, rather than raises, the source/drain. In this way,
the parasitic capacitance between the gate and source/drain can be dramatically reduced
[10]. Third, if the ttench is made much deeper than S/D junctions, SPE transistors can be
fabricated on bulk wafers to avoid the use of SOI wafers, which is a major part of SOI
chip cost. Moreover, the SPE process is fully compatible with that of conventional bulk
CMOS, so with the addition of a trench mask layer, the SPEFETS can be easily integrated
with bulk MOSFETs on the same chip. Fourth, it provides opportunities for novel device
structures. A double gate MOSFET becomes possible with a back-gate electrode inserted
into the trench [11]. Since the trench can be either larger or smaller than the gate, the
influence of the trench size can be also studied.

In this report, UTB MOSFETs are fabricated on plaharized lateral SPE channel
films. The quality of the resulting SPE film is evaluated via the performance of

transistors fabricated on it.

3.2 Fabrication process

3.2.1 Lateral solid-phase-epitaxy

The key issues for the SPE process are surface cleaning, the low temperature
deposition of the amorphous film, and low temperature crystallization. Clean surfaces on
the seed islands are essential for the successful initiation of solid phase epitaxy. One way
of achieving a clean surface is with an HF-last clean. A hydrogen passivation layer exists
on the silicon surface after'HF cleaning, and it prevents the reaction of the silicon with

oxygen or water vapor in the air. Experiments have shown that the hydrogen-terminated
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silicon surface can be preserved for a few minutes at 400°C [12]. Wafers are dried and
put into the furnace right after the HF dip without DI water rinsing. The number of
wafers in each batch is limited to two because of the short time available between
cleaning and loading into the furnace.

At a high temperature, the amorphous silicon film starts to nucleate at random
positions and orientations and develops into a polycrystalline film, so both the deposition
and the annealing have to be performed at low temperatures. Because the minimum
temperature for SiH, deposition is too high (550°C) [13], Si;H, gas is used at 410°C and
300mTorr. Even with these precautions, some quantity of native oxide still forms on the
seed surfaces, and a silicon implant is required before crystallization to break it up [14].
The energy (20keV) and dose (7*10150m'2) of the silicon implant are chosen in order to
break up the native oxide but not amorphorize the 80nm thick silicon seeds all the way to

the BOX, which action is verified by a Monte Carlo simulation (TRIM).
222222 Tv 4 4y
il B | BeklS

BOX

(a) - (b)

Fig. 2. Crystallization from (a) both side and (b) one side. A twin boundary is expected
at the middle of the film in case (a).

In the MOSFET structure, those two seed regions will be the lowered source and
the drain. A twin boundary is expected at the location where two crystallization fronts
meet. The boundary will introduce trap states, which form a potential barrier and scatter
the carriers in the channel. To study the degradation of the drive current resulting from

the boundary, the silicon implant is masked to break up the native oxide either on two
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sides or on only one side. The boundary will be located in the middle of the channel if the
film is laterally crystallized from both ends, while it will be out of the channel if the film
is crystallized from only one side (Fig. 2).

The crystallization is initiated at 550°C for more than 24 hours and sped up by a
subsequent annealing step at 600°C for 12 hours. Finally, a 950°C 30 minutes thermal
step removes most of the defects in the final film. The thicker the film, the farther SPE
propagates, and the aspect ratio of the crystallization range to the film thickness is about
16~20 [15]. Rutherford Backscattering Spectrometry (RBS) in a channeling geometry
shows the influences of the annealing and the Si implant dose on the final film quality
(Fig. 3). Low channeling at greater depth is observed after the implantation, because part
of the seed has been amorphorized. With a sufficient Si implant dose and long-time SPE
anneal at 550°C, a good single crystal film is achieved, indicated by the low count of

high energy ions reflected at the film surface.

700 700- Progressive worse crystallinity
Si implanted, 7.5e15

600- 600-

Random

500- 5001

Si implanted 3e14

4001 400-

300- 300-

Counts/channel

2004 Siimplanted 2.5e15

2004 Deposited 1600A

Counts/channel

1004 Si implanted 5e15

0

0 : : .
800 900 1000 1100 1200 800 860 1000 1100 1200

Back scattered energy (KeV) Back scattered energy (KeV)
(@) ®

Fig. 3. RBS of the films (a) before and after anneal, and (b) with different Si implant dose
after annealing at 550°C for 24hrs and subsequently at 600°C for 12hrs.

100+
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3.2.2 SPEFET fabrication

The starting SOITECH wafer had a 100nm (100) silicon film on a 400nm BOX
(buried oxide). Since the electron beam (E-beam) lithography facilities at Lawrence
Berkeley National Laboratory (LBNL) were used for all small features, such as the trench,
mesa and gate, special E-beam alignment marks of 800nm-thick SiGe were created first.
Trenches were created in the <110> direction in the SOI film for layout convenience, as
<110> orientated trenches should result in better SPE film quality since SPE grows
preferentially in the <110> direction [16]. After they were filled with an HTO/LTO
(high/low temperature oxide) stack, the oxide was etched-back to create a planar surfaée
using a reactive ion etch followed by a wet etch. A 100A or 200A amorphous silicon
channel film was deposited on both the trench and silicon seeds, using the same
deposition recipe as discussed in Section 3.2.1. Then Si ion implanfation was performed
to break up the native oxide between the seeds and deposited film. This implant was
masked on selected devices for the purpose of positioning the twin boundary. The
amorphous film was crystallized in multiple thermal steps, as described in the previous
section.

A standard CMOS process was adapted for the following fabrication steps.
Simple mesa isolation was used for devices on SOI wafers. The gate stack consisted of a
2.5nm thermal oxide, which was grown at 750°C and annealed at 900°C, and a 130nm P*
SipsGep, gate deposited by LPCVD. After the gate was patterned through E-beam
lithography, the source/drain extension was implanted with 1X10'* cm™ of boron at 5keV
for PMOS and 5X10" cm™ of arsenic at 10keV for NMOS. Then, a 2004 oxide spacer

was formed, followed by heavy S/D implantation. After the source/drain doping was
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activated with a rapid thermal annealing for lmin at 900°C, the standard back-end

process completed the fabrication.

Fig. 4. SEM images of SPEFETs. (a) The trench is larger than the gate. (b) The trench has
the same size as the gate.

) c¢) Implant Si to break up native oxide
a) Pattern and etch trench b) Deposit amorphous Si
Fill oxide and etch back

—>
BOX

¢) Form and pattern gate stack d) Crystallize and etch mesa
<=
BOX BOX
ﬂ h) Form contact and metal
f) Implant LDD, form spacer g) Implant S/D and anneal

{3 =
BOX BOX BOX

Fig. 5. The process flow of SPEFET fabrication.
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Fig. 4 shows two Scanning Electron Microscopy images of the SPEFETs after
gate patterning. Smooth small features can be generated through E-Beam lithography,
with very small misalignment (<15nm). The trench sizes can be larger or smaller than the
gate size, opening up another parameter of design optimization. The process flow

schematic is shown in Fig. 5, while the detailed process flow is listed in Appendix 3A.

3.3 Results and discussion
3.3.1 60nm CMOS performance

Fig. 6 shows the I4-V; and Ig-Vg curves for the 60nm P-type SPEFET:
S=105mV/dec, V=-0.13V (defined at I;=100nA/um), L,=6nA/um, and I,;=410pA/um at
Vg=1.5V. PMOS shows an excellent drive current, higher than what the roadmap
specifies [17]. The DIBL effect is slightly high, about 0.3V for a V4 of 1.5V, which can

be explained by the extra electrical coupling from the lowered S/D.
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Fig. 6. PMOS performance. W/L=100nm/60nm, T,,=2.5nm, I,;=410pA/um, L,;=6nA/um.

The 60nm NMOS has a subthreshold swing of 92mV/dec and a V, of -0.47V (Fig.

7). If V, can be shifted up to 0.2V, then Lig=InA/um, and I,,=480puA/um for the 1.5V
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voltage supply. Since the silicon-oxide interface traps cause a V, shift, the fact that the
NMOS V, deviates from the expected value indicates a high interface state density for
NMOS. The NMOS I, is slightly lower than expected, which could also be explained by

the scattering of the carriers from the surface states.
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Fig. 7. NMOS performance. W/L=100nm/60nm, To=2.5nm, L,,=480pA/um, La=1nA/pm.

3.3.2 Defects and channel length dependence

Channel length dependence is another important feature of device performance.
SPEFETs show very unusual L dependence, as seen in Fig. 8. First, the excellent V; roll-
off of the PMOS demonstrates that the intrinsic structure of SPEFETs can be scaled
beyond 60nm. But the traps in the films of long channel devices cause abnormally high
NMOS V, at large channel lengths. Second, the drive-current, which is measured at V-
V=1.3V, decreases much faster than 1/L. The big drop in the drive current between 60nm
and 80nm devices suggestsAthat our annealing process can generate a crystalline region
with no defects or with a low defect density only at a length of 60nm. When the channel
length is beyond 60nm, the defects in the SPE channel film degrade the drive current and
increase the threshold voltage. As has been published, dislocation networks dominate

within a short SPE range, while microtwins and twins extending through the entire film
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are generated when the SPE range is long [18].
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Fig. 8. V, roll-off and I, dependence on L of (a) NMOS and (b) PMOS. The drive
current is measured at V,-V~=1.3V.

Fig. 8 also suggests that PMOS has a much better channel length dependence in
both I, and V,. With the use of undoped bodies, PMOS and NMOS have identical device
structures, except for the bias condition. Therefore, this asymmetry of polarity strongly
suggests non-uniform trap density in the band gap. In an NMOS, the Fermi level (Es) is
near the conduction band (E,) at the silicon-oxide interface, while it is near the valence
band (E,) in a PMOS (Fig. 9). In the NMOS, the unexpected value of V, together with
the large performance degradation with L and the low drive current, suggests that the

interface trap density is higher near E..

Ec \\
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Fig. 9. Gate-oxide-substrate band diagrams for (2) NMOS and (b) PMOS.
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3.3.3 SPE twin boundary

As mentioned earlier, a twin boundary is expected where two crystallization
fronts merge. The boundary generates an extra barrier in the current path and could be
treated simply as an extra resistor. With a masked Si implant, this boundary can be
positioned either in the middle or at one end of the channel. In the latter case, the device
is asymmetric, and different behaviors are expected when the source and drain are
switched. When it is in the source, the boundary reduces the effective Vg and generates
the lowest drive current, while a boundary in the drain causes the least degradation of the
drive current. The IV curves associated with different locations of the twin boundary are

shown in Fig. 10, and they are consistent with the above prediction.
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Fig. 10. NMOS with different locations of the twin boundary. W/L=100nm/60nm, V;=-0.6V
3.34 SPE film quality from activation energy
Defects, including twin boundaries, introduce trap states in the band gap.
According to the transport model of polycrystalline films, the trap states deplete the

nearby semiconductor and form a barrier to the charge carriers in the channel [19]. The
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activation energy, i.e. the barrier height, depends on the number of traps (N;) and the

mobile charge density (Np) nearby. Using the simple full-depletion approximation, it can

2 2
be derived as E, o< — o« —— in strong inversion.
D 8 =Y

Temperature (°C)
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Fig. 11. Extraction of E, from log(I4)~1/T plot with various gate biaseé, V=50mV

1E-9

After IV measurements are performed at different temperatures with a low drain
bias (V4s=50mV), the activation energies are extracted from the log(Is)~1/T curves for
each gate bias. Fig. 11 is a sample plot for an 80nm PMOS at a V, from 0.5 to 1.5V. For
each gate bias, the activation energy is just -kg multiplied by the slope of the linear fitting
line, and it is a decreasing function of the gate bias. This approach assumes that the
current is limited only by the thermionic emission over the barrier in the channel at a low

Vs bias. Actually, the current is also limited by the carrier mobility in the channel, so the
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measured barrier height includes the degradation of mobility with temperature. Though
not completely accurate, E, still gives qualitatively the barrier height in the channel, and
acts as an important index of the channel quality for transport [20].

When the above procedure is repeated for different transistors, the barrier heights
associated with different channel lengths and processes can be studied. The E, curves in
Fig. 12 show that E, decreases with increasing gate bias. It also agrees well with our
hypothesis that crystalline quality degrades with increasing SPE range. If the film is
crystallized from both ends, the twin boundary in the middle increases the barrier height
of the channel more than it does when it is at the drain side. The activation energy of a
perfect Si film comes from the fact that V, drops at a higher temperature. For an FD -

KTV,

device with an undoped body, an effective E, can be derived as E, — at high gate

g t
biases, where Vy,; is the built-in potential (~0.2V) between the source and the channel. A

60nm SPEFET has a channel film with quality close to that of a perfect Si film.
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Fig. 12. Activation energy as a function of gate bias for different transistors
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3.3.5 Film thickness dependence

As emphasized in Chapter 2, film thickness is the critical parameter for a UTB
structure. The thinner the film, the better the suppression of SCE. All the 60nm channel
length devices described above function only with 100A channel films. However, the SPE
process requires adequate thickness to yield a high quality crystallized film. The
influence of channel film thickness on the device performance has been studied using two
different sets of deposited film thicknesses, 100A and 200A. The variations of V; and Iy,
which is measured at Vg-V,=0.8V, with the channel lengths for different film thicknesses
are shown in Fig. 13. Devices on a 100A channel film show substantially worse
characteristics. Larger degradation of the drive current, almost two decades from channel
lengths of 60nm to 100nm, is observed, and there are very few working devices with L
greater than 100nm. The V. roll off is also much larger than that of the 200A channel film
devices. The results indicate that the thinner the film, the shorter the crystallization range,

and the more defects left in the final film.
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Fig. 13. The effects of channel film thickness on V, roll-off and drive current measured
at V;-V,=0.8V. The SPE film thickness is (a) 200A (b) 100?
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Since less than 100A channel films are required for sub-30nm transistors, better
crystallization procedures must be developed for future generations. One promising
approach will be putting a dummy N+ amorphous silicon layer on top of the SPE film
during SPE annealing. After the entire thick stack is crystallized, the dummy N+ layer
can be selectively removed by an HNA (hydrofluoric acid + nitric acid + acetic acid)
solution [21]. In this way, an ultra-thin SPE film, but one still with good crystalline
quality, can be created.

3.3.6 Trench size dependence

Two separate masks are used for the trench and gate in this process, so it is
possible to study the effects of the relative sizes and misalignment between the trench and
the gate. In this work, the effect of misalignment has not been studied -because if is hard
to control the misalignment accurately at the scale of sub-100nm. In Fig. 14, devices with
a fixed gate length of 200nm but different trench sizes are probed. If the trench is smaller
than the gate, two thick body regions under the gate are not doped in S/D implantation,
and act like insulators; therefore, there is not much difference observed in Loy, Vi, or logr
with various trench sizes. For a trench larger than the gate, the two ultra-thin-body
regions outside of the channel are neither heavily doped, because of their thickness, nor
driven by the gate. These thin regions acts as two external resistors, and reduce the drive
current. On the other hand, a larger trench is beneficial in suppressing SCE, because of
the wider separation of the thick source and drain regions. This benefit is manifested in
the higher V, of the devices with larger trench sizes. Another piece of evidence for the
better SCE suppression is that the 60nm devices work only with larger trenches (100nm

in this study). This study suggests that a trench size slightly larger than the gate results in
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good SCE without much degradation of the drive current.

25- 10.8
O O~
20
\' |l
1 N\
T 15- \]
= sl e W
S g
-g =
o {0.2
5] —O—lon
_ ) 04— . . : : . —10.0
Lightly doped extension 80 120 160 200 240 280 320
Trench size (nm)
(a) (b)

Fig. 14. (a) The device structures with a trench smaller/larger than the gate. (b) For a
given channel length, the influence of trench size on device performance

3.4 Conclusion

UTBFETs have been fabricated through the method of solid-phase-epitaxy. The
thickness of the deposited film can be controlled precisely, but its crystalline quality after
annealing is a crucial issue still to be solved. With the deposition and annealing method
presented in this report, 60nm devices have been fabricated on 100A SPE film with
performance comparable to the conventional CMOS. Further improvement is needed to
increase the crystallization range for yet thinner film. On the other hand, SPEFET can be
relatively easily integrated with buik CMOS, which is suitable for long channel devices.
With separate optimization of some key parameters, such as Vi, good behaviors can be
achieved for both long and short channel devices. Therefore, SPEFET is a promising
candidate for sub-100nm generations with excellent process controllability.

The SPE process also introduces some unique aspects of device physics. First, the
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effect of twin boundary locations on the device behavior can be studied. It has been found

that pushing the twin boundary into the drain region using a masked silicon implant

produces a higher drive current. Second, using two separate masks for trench and gate

layers makes possible the investigation of their relative sizes. The results suggest that a

trench size slightly larger than the gate gives the best performance.
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Appendix 3A: Process flow for SPEFETSs

b

s e,

Step Process IProcess specification [Equipment }Comments

0" Statting wafer: 4" SOTwafer; 10004 Si on 4000A buried oxide:

0.1 Scnbe ILabel the wafers

1.1 (Cleaning _[Piranha (H,0,:H,80.=1: 5) 120°C, lOmm, 25 1 BHF 305 Sink6 Dewet, up to 16kQ

1.2 [Pad oxide |SDRYOXA 950C, 80min, 20min anneal Tylan2 Si0,=35nm Si;emain=8 Inm

1.3 [SiGedep PBiGe.019: Nucleation: T=550°C, P=300mT, SiH,=200sccm, Tystar19  |Ge concentration ~40%
I=1min. Deposition: T=500°C, P=300mT, SiH,=186sccm, 780-800nm SiGe
GeH,Lo=33sccm, GeHsHi=0, t=80min

1.4 [LTOcap [VDOLTOC, 450°C, 300mT, SiH,=25sccm, O,=75sccm, 10min. [Tystarl1  [155nm

1.5 |Anneal IN2ANNEAL, 1000C, 30min Tylan7 INo thickness change

1.6 [Litho Resist coating: coat=program 1/bake=program 1 Svgcoatl! [PR=1.2um
Exposure: focus=250, t=0.9s GCAWS [PEB: 90C, Imin
Development: bake=program 1/develop=program 1 Svgdev DEV: OPD4226, Imin
Descum: 0;=51sccm, P=50W, t=1min Technics-c
Hard bake: 120°C, 1hr Ovrn

1.7 Mark etch [B: p=13mTorr, CF,=100, P,,,=200, Py,,=40, t=90s Lam5 ER=20A/s, Si04/Si~1
M: P=15mTorr, Cl;=50, HBr=150, P,;;=300, Pp,=150, t=55s ER=100A/s, SiGe/SiO,~13
0: P=35mT, HBr=200, 0,=5.0, P,,;=250, Py,=120, t=25s ER=50A/s, Si/Si0,~100.

1.8 [Resist strip Oz 51sccm, 230W, Smin Technics-c

1.9 Sink8 Clean in dirty sink first

2.1 Trench lith trench .gds. PMMA 120nm, dose=800uC/cm? Nanowriter |At LBNL

2.2 [Trench etch|B/M/0=20s/20s/20s, see 1.7 Lam5 [EBeam resist etched fast

2.3 |Resist strip {0, 51sccm, 300W 6min [Technics-c

2.4 Cleaning Piranha 120°C, 10min ink8 Clean in dirty sink first

2.4 (Cleaning Piranha 120°C, 10min, 25:1 BHF 60s Sink6 Dewet

D6 HTOfill 9HOXN20D, 800°C, N,0=100sccm, Si,H,Cl,=10sccm. t=6hr [Tylan9. 83-85nm

.7 LTOfill [VDOLTOC, 450°C, 300mT, SiH,=25sccm, 0,=75sccm, 20min. [Tylanll  [300nm

0.8 lAnneal N2ANNEAL, 1000°C, 30min Tylan7 Totally ~380nm

0.9 [Etch back [Breakthrough. P=13mTorr, CF,=100, gﬂ)o, Ppo=40, 150s, Lam5 Remain oxide 20-50nm

2.10 [Cleaning Piranha 120°C, 10min ink8

Piranha 120°C 10m1n 25 1HF 903

Expose silicon seeds

3.2 @-Sidep [SPESI2.019. Nucleation: T=410°C, P=50mT, SiH4=12sccm,  [Tystarl9 {Cool down to 300°C
t=30s, Deposition: T=410°C, P=500mT, Si;Hs=200sccm, before loading wafers.
Splitl: t=40min. Split2: t=20min 21nm and 10min

3.3 Si imp litho|Siim.gds and Siim2.gds. SAL 300nm, dose=80uC/cm’ Nanowriter |At LBNL

3.4 |Siimplant 20keV, 7el5. 7 degrees Innoia

3.5 [Resist strip [0, 51sccm, 300W 6min Technics-c

3.6 iCleaning [Piranha 120°C, 10min ink8

3.7 [Cleaning [Piranha 120°C, 10min Sink6
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3.8

ion

Crystallizat THIN_ANN: 550C, 36hr

THIN_ANN: 600C, 12hr
NzANNEAL 950, 30min

Tylan7

[Nucleation
Crystallization speed up
Defects removal

4 Mesa and gate Qefinition’

4.1 esa litho [SAL 250nm, dose=80uC/cm’ [Nanowriter [At LBNL

4.2 esa etch [B/m/o=10s/15s/30s. see 1.7 am5 Si mesa 103nm

4.3 [Resist strip 10, S1sccm, 300W 6min Technics-c

4.4 [Cleaning [Piranha 120°C, 10min ink8

4.5 (Cleaning [Piranha 120°C, 10min, 25:1 HF dip 5s Sink6 remove native oxide:

1.6 |Gate oxide [THIN-ANN. 750°C, O, 15min + N, 15min + 900°C, N, 20min [Tylan6é TCA clean, 25+1A

4.7 [Gatedep [SiGeVAR: Nucleation: T=550°C, P=300mT, SiH,=200sccm,  [Tystar19 0% Ge concentration
t=1min. Deposition: T=550°C, P=300mT, SiH,=186sccm, 130nm
GeH,Lo=19sccm, GeH Hi=0, t=10min

4.8 [Gate imp [BF,, 40keV, lel6. Innovia

4.9 |Anneal IN2ANNEAL 950°C, 30min. tylan7

4.10 Gate litho {SAL 150nm, dose=100uC/cm> Nanowriter [At LBNL

4.11 Gate etch  [B/m/o=10s/7s/35s. see 1.7 Lam5 D0s overetch for 20A ox

4.12 [Resist strip |0, 51sccm, 300W 6min Technics-c

4.13 Cleanmg Plranha 120°C 10min ink8 :

5.1 [LDD NMOS: As+ Sel3 cm” lOkeV pmos B+ le13 cm" SkeV [nnovia

5.2 [Cleaning |Piranha 120°C, 10min Sink8

5.3 [Cleaning [Piranha 120°C, 10min Sink6

5.4 [LTO spacer[VDOLTOC, 450°C, 300mT, SiH,=25sccm, O,=75sccm, Smin _ [Tylanl1 67-71nm

5.5 |Spacer etch preakthrough. P 13mTorr, CF=100, P,;;=200, Pyo=40, t=25s. [Lam5 ~20nm oxide left

5.6 IS/D implantjAs+, 3el5 cm?, 32keV, B+ 3el5 cm 2 10keV. Innovia

5.7 [Cleaning [Piranha 120°C, 10min Sink8

5.8 [Cleaning [Piranha 120°C, 10min Sink6

900°C, 305

HeagEulse3
o R T T FE T

6.1

Cleaning Plranha 120°C lOrmn Sink6
6.2 [LTO dep. [VDOLTOC, 450°C, 300mT, SiH,=25sccm, 0,=75sccm, 25min_{Tystarll 350nm
6.3 [Cont. litho [Same as 1.6
6.4 Cont. etch [Breakthrough, P=13mTorr, CF,=100, P,;=200, P,,,=40, 170s  [Lam5 FRemain oxide 20nm
5:1 BHF 60s Sink6 200nm LTO etched
6.5 [Resist strip [0, 51sccm, 300W 6mirni [Technics-c
6.6 [Cleaning [Piranha 120°C, 10min ink8
6.7 {Cleaning [Piranha 120°C, 10min, 25:1 BHF 80s Sink6
6.8 |Al dep. Pure Al: 6mTorr, 4.5kW, 30cm/min, 2passes CPA 450nm
6.9 [Metal litho [Same as 1.6 GCAWS
6.10 Metal etch [100s in aluminum etchant Sink8 ~50% overetch
6.11 [FGA VSINT400 400"C 30mm
7 . Calibration s 2 o 5
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Chapter 4

Silicide Gates for Workfunction Engineering

4.1 Introduction

As shown in Chapter 2, a UTB or FinFET can achieve excellent SCE suppression
with a fully depleted (FD) ultra-thin body, but it also gives rise to many process
difficulties and design issues. The most significant challenge is the precise control of the
threshold voltage (V¢), which, in a bulk device, is realized by body doping engineering.

As derived in Chapter 2, ¥,,, =@, +V, +qNI*[e, . In an NMOS with an undoped

body and a conventional N+ polysilicon gate, the threshold voltage Vy=-0.2V (and
+0.2V for P+ gate PMOS). However, modern circuit technology requires a Vi, =0.2V [1],
so the body doping must shift V; by 0.4V. On the other hand, the scale length of a device
must be less than a quarter of the minimum channel length for decent SCE, so the amount
of threshold voltage shift caused by the body doping will be limited. At a gate length of
Lmin=25nm, a 6nm scale length is required, and the channel doping is at least
Nauw=7x10"%cm™ for a 0.4V V, shift. At such a high channel doping level, the inversion
carrier mobility is severely degraded and so is the performance of the transistor [2].

| If the threshold voltage is manipulated via the body doping, V, fluctuation due to
the discrete nature of dopant atoms is another concern [3]. As the channel length is scaled,
the film thickness also must be scaled for short channel effects (SCE) suppression. The
number of doping atoms in such a small channel volume is limited, and its statistical

fluctuation can be noticeable. Since V, relies heavily on the exact doping concentration,
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any fluctuation of the dopant number causes fluctuation in V, For example, at
W=L=25nm, and T4= 5nm, even with an Ng; as high as 7x10'®cm™, the number of the
dopant atoms in the small body volume is only 22. The statistical standard deviation of

this quantity is J22 =47 , which accounts for 21%~ of the total number. The
corresponding V, fluctuation is 85mV, unacceptably high for most applications.

In short, a new reliable method for V, control is needed to leave the body undoped
or lightly doped. From the V, formula, it is clear that the only viable method is gate
workfunction engineering. In this chapter, silicides are proposed for their continuously
adjustable workfunction and relatively easy process integration with CMOS. Meanwhile,
body doping can still be used for fine adjustment of the threshold voltage. In a fully
depleted body, the polarity of the body doping does not matter, except for the way the
threshold voltage is shifted. At the technology node of L;=25nm, a V; shift of 0.1V is still
possible when the channel doping varies through 1x10'8cm?, from n-type to p-type.

However, this tuning range also diminishes with further scaling.

4.2 Motivation for silicide gates

4.2.1 Maetal gates

Metal gates were widely used in the 1960’s and were replaced by polysilicon
(poly) gates because poly gates have superior CMOS process compatibility and thermal
stability on silicon oxide. Recently, metal gates were reexamined for their merits. First,
metal gates can boost the device performance by eliminating the gate depletion layer [4].
When a poly gate is used, a thin layer near the oxide interface is depleted due to its

limited doping concentration [S]. This depleted layer increases the effective oxide
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thickness by about 5A, which is unacceptable when the gate oxide is scaled below 2nm.
Second, metal gates have excellent conductivity. It has been pointed out that the
relatively high resistance of the poly gate severely degrades the circuit speed at high
frequencies [6]. Moreover, although polysilicon offers superior thermal stability and
interface quality on silicon dioxide, it is not advantageous over metal gates on high x
dielectrics, which are implemented to suppress SCE [7]. Over all, metallic gates are

believed to be indispensable for future generations.

1.0- S0
o] Fuos  NMOS y
' ~./ \
0.61
fa \\\\ 7~~~
S 04 { S
PR S SO 2
> 02 (0.2 >
""""""""""""""""""""""""" TR
0.0 0.0
N+ poly P+ poly \‘\\
02— 0.2

42 44 46 48 50 52
Workfunction (eV)

Fig 4.1. Threshold voltages for NMOS/PMOS as functions of gate workfunction
on an undoped channel film. ¥, =g, —E +V, and ¥, =¢_-E, -V,.

In deeply scaled CMOS, gate workfunction engineering is the driving impulse for
metal gates. Since the body doping in a fully depleted MOSFET has very limited ability
in adjusting V; (0.1V at 25nm technology), gate materials with correct workfunctions
have to be used. Fig. 4.1 shows the requirement for gate workfunctions to achieve the
right threshold voltages for both NMOS and PMOS. Two distinct workfunctions, 4.45eV
for NMOS and 4.8eV for PMOS, are required. Similar gate workfunction requirements

exist even for deeply scaled bulk CMOS [8]. Moreover, modern digital circuit designs
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typically require two types of transistors on the same chip: high performance FETs on the

critical path for the maximum circuit speed, and low power FET on non-critical paths for

minimum power consumption [9]. This requires muitiple threshold voltages on a single

chip and, consequently, multiple workfunctions or materials.

Although offering many advantages, pure metal gates are difficult to integrate into

a CMOS process due to the following challenges:

1.

The thin gate oxide is exposed and damaged during the gate metal deposition, which
is typically performed by plasma sputtering.

Due to their extremely small sizes, gates have to be patterned by dry-etching. Dry-
etching metals is challenging and may contaminate the wafer or equipment.

If more than one gate material is required, multiple depositions and etches are needed.
The precious gate oxide is revealed and damaged in each etch. Therefore, it is highly
desirable to share one gate material between both NMOS and PMOS, analogous to
polysilicon in the current CMOS technology.

If the gate is formed before the source/drain, as in the standard process flow, the
metal gate has to undergo the high temperature annealing required for dopant
activation. The thermal stability of the metal on a thin oxide is crucial.

The metal has to be CMOS process compatible, and its potential for diffusion into

and contamination of the silicon and oxide require careful attention.

4.2.2 Silicide gates

In this report, silicide gates are proposed to solve most of the above process issues.

Silicides are unique in that they are formed via the reaction between silicon and metal.

First, silicon can be deposited to protect the underlying gate dielectric in all the following
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metal depositions or etches even if multiple silicides are required. This eliminates the
damage to the oxide and a good interface is possible. Second, the silicide can be formed
via a salicide (self-aligned silicide) process, which has become a mature technology in
the semiconductor industry [10]. The fine patterning of the gate is carried out by the well-
developed dry-etching of poly; therefore, the dry-etching of the metal can be avoided.
Third, the silicide can be formed after source/drain doping activation while the poly gate
can stand as the self-aligned implant mask. Therefore, the silicide goes through only the
backend low temperature steps and the thermal stability requirement can be relaxed to
400°C. Finally, since some silicides have been widely used in the present semiconductor
industry as interconnect materials [11,12], their compatibility with the CMOS process has
been demonstrated.

In addition, experiments show that most silicides have workfunction in the desired
range, which is within +0.3eV from the mid-gap of the silicon band. It has been shown
that the workfunction of some silicides can be manipulated by implanting dopants into
the silicon film before the formation of the silicides [13]. The adjustable workfunction of
silicides is highly advantageous for both process control and multiple V, applications.

In this report, it is shown that the workfunction of both NiSi and TiSi can be
tuned by ion implantation. The influence of NiSi and TiSi gates on oxide interface quality

is investigated.

4.3 NiSi and TiSi workfunction extraction

4.3.1 Fabrication process for MOSCAPs

In order to extract the workfunction of the gate material, MOSCAPs with various
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oxide thicknesses are required because there is inevitably
a certain amount of fixed charges on the interface
between the gate dielectric and silicon substrate, which
causes a shift in the flat band voltage. To create multiple
oxide thicknesses on a single wafer, a thick oxide (80nm)

Fig 4.2. A single wafer with
was first grown thermally on p-type blank wafers. One four oxide thicknesses.
half of the wafer was immersed in HF solution. Then, another timed HF wet-etch was
performed after the wafer is rotated by 90 degrees. In this way, four oxide thicknesses
were generated on a single wafer (Fig. 4.2).

Experimentally, we found the silicide formed with polysilicon to be unstable on
thin oxide. Metal atoms penetrated through the thin oxide and short-circuited the gate to
the substrate. However, one of the following two approaches can stop the silicidation
process on oxides as thin as 2nm: covering Ni with TiN during the reaction, or forming
the silicide using amorphous silicon rather than polysilicon. It is believed that TiN
protects devices from environmental contaminants in the silicidation anneal. The grain
boundaries in poly cause a non-uniform front as a result of either the reaction or metal
diffusion, which results in the thin oxide breakdown. The MOSCAPs silicide gates were
fabricated from the reaction of metal with 100nm polysilicon, while TiN covered the
devices during silicidation.

Various doses of phosphorus (80keV) or boron (25keV) ions were implanted into
the undoped polysilicon film before the formation of the silicides, and the workfunction
dependence on the doping level was investigated. It has been shown that the

workfunction of NiSi is different when the silicide is formed on N+ or P+ silicon [14].
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Although the doping atoms account for only a tiny portion of the gate materials,
experiments indicate that the atoms tend to accumulate at the interface to the gate
dielectric [15]. Within that thin layer at the interface, the doping concentration is
sufficiently high to change the composition of the material and, in turn, its workfunction.
The detailed mechanism of the workfunction change is still under investigation.

To guarantee that the entire silicon film is reacted to form silicide all the way

down to the oxide interface, sufficient metal must be deposited. The minimum thickness

can be calculated from the densities and atomic weights. .- —“—m=0.88(TiSi)0r0-55 (NiSi)
for the target silicide composition of NiSi or TiSi (i.e. k=1). On the other hand, with too
much metal deposited, metal-rich silicides (Ni2Si or Ti;Si) form and change the property
of the resulting silicides. Therefore, the amount of metal must be limited below twice the
minimum value. Practically, 100nm of Ti or 80nm of Ni was deposited.

Metals and silicon were patterned into squares of IOOumxlObl.Lm in a single-mask
lithography. Wet-etch chemicals which would not attack the over-night hard-baked photo
resist were developed. Titanium can be easily etched in an RCA SC-1 solution
(NH40OH:H;0;:H,0=1:2:5) with a etch rate of 100A/min. Nickel can be etched away in a
buffered 20:1 HF solution with a similar etch rate. However, the wafer must be rinsed by
DI water after every a few seconds of wet etching, or nickel flakes will fall off, resulting
in a non-uniform etch.

Low temperature rapid thermal annealing (RTA) was performed to form silicides.
Silicide gates attracted great attention in the 80’s and were abandoned because they

degraded the thin oxide. It was believed that metal atoms reacted with or diffused into the

gate dielectric at high temperatures. Therefore, in this work, the silicides were formed at
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a temperature as low as possible, and in a short time (~2min) with the utilization of an
RTA furnace. The capacitors were annealed iteratively at 400°C, 600°C and 800°C for
the study of the temperature effect on the silicides. Although the exact composition or
phase of the silicides was not analyzed, NiSi and a mixture of Ti-Si were likely formed at
400°C. At high temperatures, NiSi and TiSi may be the dominant components, coexisting
with other compositions and phases [16].

4.3.2 Workfunction extraction

Fig 4.3 plots a typical CV measurement between the gate and the substrate. The

following approach is taken to extract the workfunction:

Gate capacitance (fF/umz)

1

-3 -2 -1 0
Gate voltage (V)
Fig 4.3. A typical CV measurement from a MOSCAP. The oxide thickness, substrate
doping, and flat band voltage can be extracted. Here, A//B is fined as AB/(A+B).

a) Extract the electrical oxide thickness in the accumulation region using C—l-=§“ The

result is typically 3-5A ‘thicker than the physical thickness because of the quantum
repulsion in the substrate.
b) Extract the depletion depth in the depletion region: —Cl— =§‘L+—"”’-

c) Calculate the substrate doping and Fermi level: v, =3ﬁf—¢ and ¢, =E, +k—:ln-11'-.

dep n,
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d) Calculate the Debye length, which is the depletion depth at the bias of the flat band

T xT
voltage. L, = ’8" =X ’—
ge. L, N, T\ 249

T, L,

. 1
e) Calculate the capacitance at the flat band voltage: .- ?" o
] ax 5i

f) Extract Vp, from the CV curve using the value of Cg,.

) . . , N
g) Extract the virtual workfunction ¢, = ¢, —qé_—’T,, based on Ve=0.-9,-

ox

Fig 4.4a plots the ¢,, of TiSi as a function of the gate oxide thickness at different
temperatures. The intercept indicates the real workfunction of the gate material, while the

slope gives the density of the interface fixed charge.

444 5.0+ ~a
w] &[NS
—A— TiSi
4 481 . &g
S |
= g 4.7- . =2
§ 421 c Fixed charg =)
B 2 46- 2 7
© S 4 .
[ = O ] o
= c L] g
S 41 £ 457 A g
= S 44: s [, ©
600C g g, "1 B
40 800C 4.34 Workfunction u
0 50 16; ;\éo 200 250 42— % el
ox () Temperature (°C)
(@) (®)

Fig. 4.4. Workfunction extraction for TiSi at different annealing temperatures. (a)
¢, vs. gate oxide thickness. (b) summary of workfunction and fixed charge density.

Fig. 4.4b plots the summarized workfunction results for both NiSi and TiSi,
which shows that the workfunctions are insensitive to the anneal temperature between
400°C and 800°C. With a possible degradation in resistivity at 800°C [17], no

agglomeration or change of workfunction was observed for the NiSi gate. At 750°C, TiSi
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changes its phase from C49 to C54, which could have caused the abnormal increase of
the fixed charge density [16). The value of the fixed charge density (Ne=2x10"em™?) is

close to the typical values for metal gate capacitors, but higher than those for poly gate

ones, which are ~5%10'%m™. Nevertheless, when oxide is scaled down to below 2nm, the

V. shift induced by the fixed charge is merely 10mV, which is negligible.
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Fig 4.5. Workfunction extraction for TiSi with different gate implant doses. (a) ¢,
vs. gate oxide thickness. (b) summary of workfunction and fixed charge density.

The workfunction dependence on the silicon doping concentration was also
examined. Wafers were implanted at different doses of either phosphorus or boron. Fig.
4.5 shows the TiSi MOSCAP results with different doping levels into the polysilicon film
before silicide formation. Within a dose range below 1x10'4cm'2, the workfunction of the
silicides can be continuously tuned over a quite large range: from 4.3eV to greater than
5eV. Although the exactv mechanism is not well understood, a slightly wider
workfunction range than what has been published in [13] is achieved probably because
more dopants pile up at the interface due to our higher implantation doses and energies.
Therefore multiple V, values can be easily implemented with the addition of one extra

masked gate implant. At higher-level implant doses, highly non-uniform doping profiles
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are found in the substraté, which make the extraction of the workfunction impossible.

Fig. 4.6 plots the results for NiSi MOSCAPs. From these results, it can be
concluded that both NiSi and TiSi workfunctions can be adjusted by the gate doping to
meet the threshold voltage requirement for both NMOS and PMOS. NiSi has a higher

fixed charge density at the oxide/substrate interface, but one still low enough for circuit

applications.
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Fig 4.6. Workfunction extraction for TiSi with different gate implant doses. (a) ¢,

vs. gate oxide thickness. (b) summary of workfunction and fixed charge density.
(The N+ data point is extract from a MOSCAP with a 20A thin oxide.)

4.4 CMOS with silicide gates
4.4.1 Fabrication process for MOSFETs

While TiSi and NiSi can meet the workfunction requirements for both NMOS and
PMOS, their influences on thin oxides had yet to be investigated. The quality of the gate
stack was examined via the measurement of gate capacitance, minority mobility and gate
current leakage in MOSFETs fabricated through a standard CMOS replacement gate
process [18]). After LOCOS isolation, the wafer surface was cured by several sacrificial

oxidations. The dummy gate stack consisted of a 13nm thermal oxide grown at 900°C
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and a 440nm polysilicon film deposited by LPCVD. After the self-aligned source/drain
implantation, a 660nm low temperature oxide was deposited and chemical-mechanical
polished to exposed the dummy gate. The dummy gate stack was removed by a reactive
ion etch and an HF dip; then the real gate oxide (27A) was thermally grown at 750°C for
15min. Undoped amorphous silicon was deposited and patterned without gate
implantation. The MOSFET silicide gates were formed in a salicide anneal at 400°C for
2min in a N, ambient. Finally, Ti contacts to the source/drain regions were formed with a
lift-off process. The detailed process flow is outlined in Appendix 4A and 4B. |
4.4.2 Bulk PMOS results with NiSi gate

PMOS transistors were fabricated with undoped NiSi gates, so they all had a high
V.. Fig. 4.7 shows an e)gample of the 1;-V, and I4-V4 curves. Good swing, DIBL and drive
current are present: S=70mV/dec and L,=113pA/pum at L=0.75um. The threshold voltage
is not in the desired range (Vi=-1.2V) but agrees with the workfunction extracted

previously. A boron implant is needed to shift the V. to suitable values.

1E-4+ 250
1. L=0.75um W=2um
1E-54 oo T Ve=1 .ov
—_ i 1 ——vg=-1.5v
E 1e6y i ——Vg=-2.0V
2 = 0 —Vg=-2.5V
= 1ET7y s 1 ——vg=-3.0v
c ]
a’ e
1E-8 4 =
% 3 10
c 1694 g
i O 9501
O 1E-10
_———-—-"—’"’
1E-11 T r T v 3 0 T : ;
-3.0 <25 -20 -1.5 -1.0 0.5 0.0 0.5 -1.0 -1.5
Gate voltage (V) Drain voltage (V)
(@ (®)

- Fig 4.7. Example of PMOS (a) Li~V; and (b) I~V measurement. Good subthreshold swing
(S=70mV/dec) and drive current (I,;=113pA/um at L=0.75um) are achieved, indicating
excellent interface quality.
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The resistance of the transistor at low Vg=50mV is plotted versus the channel
length at different gate biases (Fig. 4.8a). The effective channel length and external
resistance can be extracted from the interception (AL=0.42pum and Re,=3.3kQeum). The
results are reasonable since this process is not optimized for short channel devices. Fig.
4.8b compares the V, roll-off with that of a control device with a polysilicon gate. The
shift in the threshold voltage clearly shows that the workfunction of a NiSi gate is ~0.8V
lower than that of P+ polysilicon. The V; roll-off curve is worse for MOSFETs with NiSi
gates because they use a gate-last process. The gate oxide is thermally grown after the

S/D activation, and this extra thermal step degrades the SCE.
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Fig 4.8. (a) Extraction of AL=0.42jum and R=3.3kQeum. (b) V, roll-off curve for
NiSi gate and P+ polysilicon gate devices. 0.7V V, difference is observed

A major concern about silicide gates has been the possible degradation of the gate
stack due to metal contamination..The gate insulator, together with its interfaces to the
substrate and gate, is the key component in a transistor. The density of the trap st;tes at
the oxide/substrate interface can be used as the major indicator of the gate stack quality.

A high trap density would degrade the swing in the subthreshold region and mobility in

the inversion layer by scattering the charge carriers.
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Gate capacitance measurement represents a good index of the interface quality
since trap states can severely distort the CV curve. Fig. 4.9a shows an excellent match -
with the quantum simulation results of an ideal MOSCARP structure; meanwhile the oxide
thickness, body doping and gate workfunction can be extracted from the fit (Tox=27A,
Naw=3.5x10'"cm™, ¢m=4.35eV). Simulation results with a poly depletion effect are also
plotted and the improvement with the metallic gate in the inversion region is clearly
demonstrated. The absence of the gate depletion effect proves that the gate is metallic at
the interface, which means the entire silicon film has been converted into silicide. This
increase of the inversion capacitance will significantly improve the drive current and
device performance [4]. Fig 4.9b demonstrates that the carrier mobility in the inversion
layer agrees with the universal mobility curve [19], as also pointed out in Ref. 20. Since
interface traps would scatter carriers and degrade the mobiiity, the good fitting of the

mobility demonstrates a good interface of NiSi on a 27A oxide.
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Fig 4.9. (a) The good match between measured and simulated CV results.
(To=27A, Nyw=3.5e17cm™, Vi=0.12V, drn=4.35eV). (b) Carrier mobility in the
inversion layer approaches the universal mobility curve in silicon.

Gate current leakage is another important parameter of the oxide integrity because
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it sets the oxide-scaling limit. With an ideal gate dielectric, quantum tunneling is the only
mechanism of current conduction. However, with traps or defects present inside the
insulator, the current leakage increases dramatically with defect-aided conduction. Since
the gate current is the limiting factor for gate oxide scaling, even a slight degradation of
gate leakage increases the minimum oxide thickness. Fig. 4.10 shows that the
experimental gate current agrees with published modeling results [21] over the whole
bias range from accumulation to inversion. Therefore, an excellent gate oxide with low

defects has been achieved with the NiSi gate.

0.01- = experiment /
simulation T"=27A /
o~
N
£
1E-3 4
O
< P
~ e
E l-. .ll
e 1E-4 .-.. &
5 ] 5 A
[&] ..- .
2 1E-5 % 7 l.
g .. /I
.|.\ »
1E-6 . M I—{ ; ,
3 2 - 0 1 2 3

Gate voltage (V)
Fig 4.10. Gate current leakage of the NiSi gate device compared with modeling
results. The oxide thickness agrees with CV extraction.
4.4.3 SOI PMOS results with NiSi gate
Similar results are obtained from devices fabricated on an SOI wafer. Without a
body terminal, the subthreshold behavior for long channel transistors is almost ideal
(S=61mV/dec), and no junction leakage is observed (Fig 4.11a). Since the SOI film is

thick (30nm) and undoped, the process is not optimized for short channel devices (Fig.

4.11b). The threshold voltage agrees with the formula v, = ¢, - E, -V, as the model in

Chapter 2 predicted.
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Fig 4.11. Example of (a) ;~V, and measurement. Ideal swing is achieved for SOI
devices. S=61mV/dec, Vi=-0.7V and ¢,=4.33eV. (b) V, roll-off curve for NiSi gate
SOI devices.

Similarly, good matches for CV and mobility can be also obtained on SOI devices
(Fig 4.12). Without a neutral body region, only Cg; is present in the measurement. Since
there is no depletion charge in the undoped silicon film, the vertical electric field is lower
in the SOI devices. Although carrier mobilities fall on the same universal curve, they are

higher in SOI devices than in bulk MOSFETs at the same gate drive.
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Fig 4.12. (a) Good match between measured and simulated CV results. (T=27A,
Nyw=1x10"cm? , V=0V, ¢,=4.33eV). (b) Carrier mobility in the inversion layer
approaches to the universal mobility curve in silicon.
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In short, NiSi gate PMOS are fabricated with a good interface quality. The
workfunction of the NiSi gate formed from undoped silicon is ~4.4eV, actually suitable
for NMOS. A boron implant to the silicon film before it is silicided is required to shift the
workfunction to be suitable for PMOS. Good gate capacitance, carrier mobility and gate
leakage measurements indicate that no degradation of the thin oxide or its interfaces was
caused by the NiSi gate. Therefore, NiSi is applicable as a single metallic gate material to
nano-scaled fully depleted CMOS.

4.4.4 Bulk NMOS results with TiSi gate

NMOS transistors were fabricated with TiSi gates formed also from undoped
amorphous silicon. Fig. 4.13 shows typical I;-V and 14-Vy4 curves. A correct threshold
voltage and good drive current are shown (V=0.1V, I,;=183pA/um at L=1um). However,
the slightly high subthreshold swing (S=87mV/dec) and the curreng tail in the low gate

bias region indicate the existence of interface traps.
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Fig 4.13. Example of (a) I;~V, and (b) I;~V4 measurement. The correct V, value of
0.1V is obtained with the TiSi gate. S=87mV/dec and the drive current is

L=183pA/um at L=1pum.

The effective channel length and external resistance can be extracted in the same
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manner as for PMOS (Fig. 4.14a). Since phosphorus is less diffusive and makes silicon
more conductive, a smaller AL=0.3um and R.,=2.6kQepum result. From the V, roll-off
curve (Fig. 4.14b), good SCE are obtained for channel lengths down to L=0.7um. The
threshold has very narrow variation but is slightly lower than the desired value (V=0.1V),

which can be cured by a very light boron implant into the gate silicon.
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Fig 4.14. (a) Extraction of AL=0.3pm and R.,~=2.6kQeum. (b) V, roll-off curve
for TiSi gate NMOS.

The quality of the substrate/oxide interfgce with a TiSi gate was also examined.
The measured CV curve has a large distortion, and it is impossible to match simulation
results with single body doping level (Fig. 15a). This distortion indicates an elevated trap
density, which increases the capacitance in the depletion region and degrades the
subthreshold swing as indicated in Fig. 4.13a. The extracted parameters are T,,=29A,
dm=4.3eV, and Ny, between 1x10'%-1x10"7cm™. Carrier mobility in the inversion region
(Fig. 15b) shows severe degradation at low vertical fields, also indicating elevated

interface trap states, which scatter carriers and degrade the mobility.
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Fig 4.15. (a) Distortion in the CV measured curve. (T,,=29A, Ny,y=1x10'6-1x10""cm,

V=-0.7V, ¢=4.3eV). (b) Severe degradation of inversion carrier mobility at low
vertical field.

Finally, the oxide quality with a TiSi gate was checked via the gate current
leakage. Severe degradation of the gate current is seen in Fig. 4.16. The gate current is 3
times than that predicted by the model, or equivalently, the tunneling oxide thickness is
1A less than the value extracted from the gate capacitance measurement. In the
intermediate voltage range (~2V), where the devices are actually biased in circuit

applications, the degradation is actually even worse (~5X).
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Fig 4.16. 3X degradation is observed in the gate current leakage with a TiSi gate.
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It is well known that Ti can reduce SiO, to Si at high temperatures. It is believed
that Ti atoms either react with or diffuse into the oxide and create traps inside the oxide
and at the interface. All experimental results, including the subthreshold swing, CV
measurement, carrier mobility and gate leakage, suggest that both the oxide and interface
to the substrate are degraded with a TiSi gate. Further investigation and attempts at

improvement are needed before TiSi can be implemented in CMOS as a gate material.

4.5 Conclusion

MOS capacitors with both NiSi and TiSi gates were fabricated, from which the
workfunctions were extracted experimentally. Both NiSi and TiSi gates eliminate the gate
depletion layer for enhanced device performance. Both workfunctions can be
continuously manipulated by the implantation of dopants into the silicon film before the
silicidation reaction, and both adjustable workfunction ranges cover the requirement of
threshold voltages for both NMOS and PMOS with UTB and FinFET structures. The
fixed charge density at the oxide/substrate interface is also sufficiently low for circuit
applications.

The quality of the silicide gates on thin oxide was investigated for MOSFETs, as
well. No degradation compared with polysilicon gates was observed with NiSi gates in
PMOS. However, TiSi NMOS showed degraded interface quality. The tail in the
subthreshold current, distortion in gate capacitance, degradation of low-field mobility and
higher gate leakage all indicate a poor interface with an elevated trap density. Over all,
NiSi is a promising gate material for CMOS applications and can be applied to UTB and

FinFET to achieve the appropriate threshold voltages.
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Appendix 4A

Process flow for bulk silicide gate MOSFETSs

aration;

e

Step [Process Process speclﬁcauon lEquipment.Comments
0 - t_g&rtmg 47 wgggr with e “;mstmty ofSQ-cm p type for mvxos 0 type ‘for PMOS
0.1 Scribe Label the wafers |
1.1 [Cleaning [Piranha (H,0,:H,SO4=1:5) 120°C, 10min, 25:1 BHF 30s Sink6 Resistance to 16kQ
1.2 [Pad Oxide [SDRYOXA 950°C, 30min, 20min anneal Tylan2  Oxide=20nm
1.3 [Nitride dep PSNITA, 800°C, 300mTorr, NH;=75sccm, DSC=25sccm, 40min [Tystar9  [Nitride=150-160nm
1.4 [LOCOS esist coating: coat=program 1/bake=program 1 Svgeoatl [PR=1.2um
litho xposure: focus=255, t=3.9s GCAWS [PEB: 90C, 1min
evelopment: bake=program 1/develop=program 1 Svgdev  IDEV: OPD4226, Imin
escum: 0,=51sccm, P=50W, t=1min Technics-c
ard bake: 120°C, 1hr Ovrn
1.5 [Nitride etch E;TSTD]: ME: P=375mTorr, He=50sccm, SF¢=175sccm, Laml ER=13A/s
=]150W, t=125s. Overetch: same as ME, t=15%
1.6 [Resist strip |0 ashing, 230W, 5min Technics-c
1.7 [Cleaning [Piranha 120°C, 10min Sink8 Resistance to 16kQ
1.8 [Cleaning [Piranha 120°C, 10min Sink6 Resistance to 16k
1.9 [LOCOS |SWETOXB, 1000°C, 80min Tylan2  (Oxide=420nm
1.10 Nltnde smp 10:1 BHF 30s, H3;PO,, 180°C, 3.5hours Sink7 ewet, field oxide-15nm

eranha 120°C, 10min, 25:1 BHF, 90s

Dewet, field oxide-20nm

2.1 [Cleaning Sink6

2.2 [Sac oxide ISWETOXB, 900°C, 15min Tylan2  Oxide=45nm

2.3 [Cleaning [Piranha 120°C, 10min, 25:1 BHF 180s Sink6 Dewet, field oxide-45nm
2.4 Sac oxide [SGATEOZX, 900°C, 30min Tylan6  Oxide=15nm

p.5 [V.implant [NMOS: B, 15keV, 6e12cm?, PMOS: P*, 50keV, 2e12cm™ Core sys. [Foundry. Rp=80nm

0.6 [Body litho |See step 1.4 Substrate contact

.7 [Bodyimp. [NMOS: B*, 15keV, Sel5cm?, PMOS: P, 50keV, 5e15cm™ Core sys. [Foundry. Rp=80nm

2.8 Resist strip [0, ashing, 230W, 5min [Technics-c

2.9 (Cleaning [Piranha 120°C, 10min Sink8 Resistance to 16kQ

2.10 [Cleaning  [Piranha 120°C, 10min, 25:1 BHF, 90s Sink6 Dewet, field oxide-15nm
.11 {Sac oxide [THIN_ANN, 800°C, 30min Tylan6  [Oxide=3.2nm

2.12 Measurement Measure remammg field oxide Nanoduv foxide=330nm

. Dy gate Foffation” T e oo
3.1 Cleanmg Piranha 120°C 10mm, 25 l BHF 155 Sink6 Dewet, field oxide-4nm
3.2 [Dummy SiO; [THIN_ANN, 900°C, 25min Tylan6  [Oxide=13nm

3.3 [Dummy gate []0SUPLYA, 615°C, 375mTorr, SiHs=100sccm, 44min Tystar10 [Poly=440nm

3.4 [Gate litho. [See step 1.4 It determines gate length
3.5 [Inspection [Measure the resulted gate length from lithography Leo Extract gate length
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3.6 Gateetch [B: p=13mTorr, CF;=100, P,,,=200, Py, =40, t=20s Lam35 [ER=20A/s, Si0,/Si~1
M: P=15mTorr, CL,=50, HBr=150, P,,,=300, Py,=150, t=45s [ER=75A/s, $i/Si0,~10
0: P=35mT, HBr=200, 0,=5.0, Ptop=250, Pbot=120, t=30s [ER=50A/s, Si/Si0,~100.

3.7 [Resist strip [0, ashing, 230W, Smin Technics-c

3.8 |S/Dlitho |Seestep 1.4 Cover the body contact

3.9 [S/D implant [NMOS: As’, 30keV, de 15cm™, NMOS: BF,, 20keV, 4el5cm™  |Core sys. [Foundry. Rp=30nm

3.10 [Resist strip |0, ashing, 230W, 5min [Technics-c

4  (CMP and dummy gate removal e

4.1 (Cleaning [Piranha 120°C, 10min Sink8 IResistance to 16kQ

4.2 Cleaning [Piranha 120°C, 10min, Sink6 [Resistance to 16kQ

4.3 |CMP oxide |11SULTOA 450°C,300mTorr, SiH,=25sccm, 0,=75sccm, 40minTylanl]  [Oxide=660nm

4.4 ICMP Poly.polish, 4x50s, rotate 90° between runs. CMP is nonCMP ER of oxide=30A/s
uniform. Thicker oxide remains at the die corners. Remain poly: ER of poly is higher
200nm. Remain oxide: 550nm on field, 400nm on active area.

4.5 [MeasurementMeasure oxide thickness after each CMP run Nanoduv [Non-uniform oxide

4.6 (CMP clean @) DI water rinse 1min. b) NH;OH 1min. ¢) DI water rinse 1min/Sink432 |Put wafer in wafer before
id) Piranha 120°C Imin. ) DI water rinse 6min. f) 5:1 BHF 10s. cleaned. Dry slurry is
g) DI water rinse 6min. h) SC-1 (NH;OH:H,0,:H,0=1:1:5) 5min. hard to remove.
i) DI water rinse 1min

4.7 (Gate strip  [B/m/0=60s/10s/45s. Long breakthrough for non-uniform oxide  [Lam3 IStop on dummy oxide

¥4.8 (Cleaning [Piranha 120°C, 10min Sink8 IResistance to 16k

S [Real gate formation - b e

5.1 (Cleaning [Piranha 120°C, 10min, 25:1 BHF 90s Sink6 remove dummy oxide

5.2 |Gate oxide [THIN-ANN. 750°C, O; 15min + N; Smin + 900°C, N; 5min Tylan6  [TCA clean, 25+1A

5.3 @a-Sigate [SiGeVAR.019, 425°C, 300mTorr, Si;Hg=100, 30min Tystar19 [Silicon=23-26nm

5.4 Metal IPMOS: Ni: 15mTorr, 1kW, 60cm/min, | pass, CPA 36nm, 8€Y/

sputtering  [NMOS: Ti: 10mTorr, 2kW, 60cm/min, 1 pass 33nm, 350/

5.5 |Gate litho |[See step 1.4. [t covers the real gate

5.6 [Metal etch [Ni: 5:1 BHF. Fast but non-uniform etch. Rinse frequently Sink432 |PR is baked overnight
Ti: SC-1: NH,OH:H,0,:H,0=1:2:5. ER=10nm/min

5.7 @-Sietch  [B/m/o=15s/10s/30s [Lam5 20nm oxide is etched

5.8 [Resist strip |0, ashing, 230W, Smin Technics-c

6  [Metal contact ki

6.1 Cont. litho. See step 1.4 S/D/Sub contact holes

6.2 Cont. etch [5:1 BHF, 1min Sink7 ER=400nm/min

6.3 [Tievap. [E-beam evaporation. Real-time thickness monitored Ultek Ti=50nm

6.4 [Tilift-off |Acetone in an ultrasonic bath Sink432

6.5 |Anneal IN,: 400°C-600°C, 2min, Heatpulscl [[n accumnulative steps

7 [Calibration i ;
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Appendix 4B Process flow for SOI silicide gate MOSFETSs
Step Process rocess specnﬁcatlon El_l:ipment Comments

Cleamng

piranha 120°C, 10min, 25:1 BHF 30s

Resistance to leh

1.2 Sac Oxide [SDRYOXA 1000°C, 100min, 20min anneal Tylan2  [Si0,=70nm, Siem;i;=64nm
1.3 [Cleaning [Piranha 120°C, 10min, 10:1 BHF 300s Sink6 Dewet

1.4 Sac Oxide |SDRYOXA 950°C, 40min, 20min anneal Tylan2 Si0,=27nm, Siremin=52nm
1.5 [Cleaning [Piranha 120°C, 10min, 10:1 BHF 120s ‘ Sink6 Dewet

1.6 Sac Oxide [SDRYOXA 1000°C, 45min, 20min anneal Tylan2  [SiO,=40nm, Sim,;=34nm
1.7 [Cleaning [Piranha 120°C, 10min, 10:1 BHF 180s Sink6 Dewet

1.8 [Pad Oxide THIN ANN 900°C, 20min, 20min anneal Tylan6 Si02=8nm, Simgn=30nm

2.1 Mesa litho MOSFET process ﬂow Them
2.2 [Sietch B/m/0=15s/5s/20s Lam5

2.3 [Resist strip {O; ashing, 300W, 7min Technics-c|

0.4 |Measuremn easure remaining buried oxide Nanoduv joxide=390nm

Pu'anha 120° C 10mm Sink8
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Chapter 5

FinFET SONOS Flash Memory

5.1 Introduction

5.1.1 Operation of flash memory

Memory devices are an indispensable semiconductor electronic component in
digital applications. While volatile memories (SRAM and DRAM) provide fast read/
write operations, they have large cell size or high power consumption. With the boom
over the past decade in the market for mobile electronics, such as cellular phones, digital
cameras, personal digital assistants, MP3 players, wireless networking and global
positioning systems, low power and low cost memory chips have been attracting more
and more attention. Although slower than its volatile counterparts, non-volatile memory
(NVM) is the most suitable solution for mobile applications because it offers 10 years
retention time even without a power supply [1].

Among all NVM structures, flash memory is the mainstream non-volatile memory
device in both production and development today. A flash memory cell is simply a
MOSFET with an extra poly-silicon [2] or silicon nitride [3] film sandwiched between
the tunnel oxide and the inter-poly oxide to form a charge storage layer (Fig. 5.1). In
programming, electrons are injected through the tunnel oxide (bottom oxide) into the
floating gate by either tunneling (NAND type) [4] or hot carrier injection (NOR type) [5].
The charge tunnels out of the floating gate in an erasing operation. The charge in the

floating gate alters the threshold voltage (V;) of the transistor, through which the stored
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information can be determined.

Substrate

Substrate

(a) (b)

Fig 5.1 The cross section of a NAND flash cell under (a) programming and (b) erasing.

Flash memory dominates the current NVM market because it provides the
following advantages. First, flash memory can achieve the highest cell density since a
flash memory cell consists solely of a single transistor [6]. Second, flash memory
supports multi-bit storage [7], which further increases the memory density and reduces
the cost. Mutiple V, states can be generated through the control of the number of
electrons injected into the floating gate. Two-bit per cell (with four V, states) flash
memory has already been commercialized, while four-bit per cell flash memory is in
development now [8]. Furthermore, Matrix Semiconductor Inc. has demonstrated
multi-layer (or 3D integration) flash memory [9], which offers another possibility for an
even higher density and lower cost flash memory solution. Third, flash memory uses a
fabrication process compatible with the current CMOS process flow, and it is a perfect
solution for embedded memory applications. The integration of flash memory with logic
and analog devices for better performance and lower cost has been demonstrated [10].

NAND flash provides higher density and lower power consumption than does
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NOR flash, although it requires more complicated periphery circuitry for its proper
operation [11]. Currently, 4GB NAND-type flash memory has been demonstrated [12],
and NAND flash will be the focus of this report.

5.1.2 Flash memory scaling and SONOS memory

The size and operation voltage of flash memory have been scaled dramatically to
achieve high capacity and low power consumption. The reduction of the operation
voltage is very closely related to scaling of the cell size because high voltage requires
large space for cell isolation [13] and sophisticated periphery circuitry [14]. From
experience in logic device scaling, it is well understood that the scaling of gate EOT
(equivalent oxide thickness) is crucial in the suppression of short channel effects (SCE).
Moreover, a thin gate stack enables the cell to be programmed/erased at a low voltage.
However, the scaling of flash memory devices lags far behind that of logic devices due to
their unique gate structure and operation mechanism. By 2002, CMOS logic devices had
been scaled down to a gate length of 40nm with a gate dielectric EOT of less than 1.5nm
and a voltage supply of 1V or even below [15]. Meanwhile, flash mefnory still has a gate
length of above 100nm, a gate stack with an EO’f more than 8nm and a voltage supply of
above 8V for its normal writing and erasing [3].

In a floating gate flash memory cell, which stores the bit information in a
conducting polysilicon floating-gate, the minimum oxide thickness is limited by its
reliability requirement. After a flash device is stressed for a million cycles of program
and erase (P/E), which is the typical reliability requirement for a NVM device, defects are
generated in the insulator. With a single defect path formed inside the tunnel oxide, all

charge stored in the conducting floating gate leaks out, and the bit information is lost (Fig.
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5.2a). To meet the reliability and retention time requirements, commercial flash memory
uses a tunnel oxide of more than 7nm, a significant barrier for memory device scaling. A
typical flash memory gate stack consists of a 7nm tunnel oxide, 100nm poly-silicon
floating gate and 14nm inter-poly oxide [2]. With the EOT of the whole gate stack up to
21nm, this memory cell would show severe SCE if scaled below 100nm. A large
subthreshold swing and drain-induced barrier lowering require a higher V; window for
the distinguishing of programmed and erased states and cause a higher current leakage

from unselected cells during a reading operation.

Floating gate Nitride

Tunnel oxide

Substrate Substrate

(a) (b)

Fig 5.2 A floating gate flash cell (a) is more sensitive to defects than is a SONOS
cell (b). Therefore, a thinner tunnel oxide can be used in a SONOS memory.

A SONOS (silicon-oxide-nitride-oxide-silicon) gate stack significantly reduces
the minimum thickness of the tunnel oxide by storing charge in trap states inside the
sandwiched nitride layer rather than in a conductive floating gate. Since the traﬁs are
isolated from each other, even if a defect path forms in the tunnel oxide, most of the
charge will remain in the nitride and the information can still be retained (Fig. 5.2b) [16].
In a SONOS device, the minimum tunnel oxide thickness is limited by the requirement of

10 years retention because the stored charge can leak out of the nitride layer through the
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thin oxide even when the device is at idle. Significant V, window closure after 10 years
retention can be observed when the tunnel oxide is scaled below 2nm [17].
5.1.3 FinFET SONOS memory

Although a SONOS gate stack significantly improves the scalability of flash
memory, it still requires the tunnel oxide thickness to be at least 2nm; otherwise, the
information can not be retained for 10 years. The inter-poly oxide has to be thicker than
the tunnel oxide to prevent the current tunneling from the top gate [18], and the nitride
layer has to capture enough trap states for charge storage [19]. Therefore, the minimum
EOT of the entire gate stack is about 7nm, which has become the major challenge when
flash memory is scaled into sub-100nm regions.

On the other hand, fully depleted (FD) SOI structures have been proposed to
suppress SCE for sub-30nm CMOS technologies [20]. Ultra-thin body and double-gate
(DG) devices provide an alternative means of device scaling, which is the scaling of the

body. Typically, flash memory works under a high bias (~10V), and can tolerate a high
swing (S=200mV/dec). In Chapter 2, it is predicted that Lnis~2/ and = ’%'-r,n%(r,’ +d?).

Even with a' gate stack EOT of 10nm, the SONOS flash can be scaled down to 40nm if
" the body is thinned down to d=10nm. One extra advantage of FD SONOS memory is that
it eliminates cross talk between devices by removing the shared body terminal.

In this work, for the first time, the SONOS gate stack is integrated with a FinFET
device because it is the most manufacturable DG structure. A FinFET SONOS memory
can be fabricated from a planar FinFET process with minor modification [21]; hence, it is
a good candidate for embedded memory in FinFET integrated circuits. It is found that the

FinFET SONOS device has a performance similar to that of a bulk-Si SONOS device
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[22], although it does not have a neutral body. Devices fabricated with channels on (100)
and (110) silicon surfaces are compared in terms of program/erase speeds, endurance and

retention.

5.2 Structure and fabrication of FinFET SONOS memory

Fig. 5.3 shows the structure and cross section TEM (Transmission Electron
Microscopy) image of a FInFET SONOS memory cell. The real devices demonstrated in
this report have a fin width 10nm narrower than what is shown, i.e. T¢=20nm. This
device has conducting channels on three surfaces: the sidewalls and a portion of the top
surface. Due to the thick dielectric stack, the outer electrode (gate) has much a larger area
than does the inner electrode (fin). ISE (Integrated Systems Engineering) capacitance

simulation shows an effective channel width of 140nm for each fin.

(a) (b)

Fig. 5.3. The FInFET SONOS memory device’s (a) structure and (b) cross section
along the AB line
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The starting SOI wafer had a 100nm silicon film on a 400nm BOX (buried oxide).
' After the silicon film was thinned down to 40nm with multiple oxidations, 800nm thick
SiGe alignment marks were created for electron beam (E-beam) lithography in the
Nanowriter in Lawrence Berkeley National Laboratory. The silicon fin was patterned
through a double resist exposure: fine features were patterned in HSQ resist via E-beam
lithography while big probing pads were patterned in G-line resist via optical lithography.
The combination of these two resist layers was used to mask the fin etch. In this way, the
slow E-beam lithography was used only for a minimum portion of the layout, and the
exposure time could be tremendously reduced. The oxide bump on the silicon fin was the
remainder of the oxide hard mask thermally grown on the silicon film before it was
patterned (Fig. 5.3b).

The etched sidewall surfaces of the fin, which would Become the channels of the
FinFET, were cured by a sacrificial oxidation. The crystal orientation of the channel
surface on the fin sidewalls was controlled by proper orientation of the fin relative to the
major flat, as shown in Fig. 5.4a. The gate stack consisted of a tunnel oxide ‘(3nm), a
silicon nitride (6.1nm), an inter-poly oxide (4.8nm) and a N+ in-situ doped polysilicon
gate (180nm), as shown in the enlarged TEM image (Fig. 5.4b). The tunnel oxide was
thermally grown at 810°C for 24min in diluted oxygen and the others were deposited
through low-pressure chemical vapor deposition (LPCVD). Fig 5.4b was obtained from a
device with a (110) sidewall surface, and a slightly thinner tunnel oxide was expected on
(100) devices [23]. Note that the nitride and inter-poly oxide (HTO) were slightly thinner
than expected due to imperfect step covefage on the sidewalls of the LPCVD processes.

The TEM result of our experiment shows that the step coverage is 97% and 92% for
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Fig. 5.5 Top view SEM image of a FInFET SONOS memory device. The extracted

gate length is 350nm.
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The gate was then patterned in the same way as the fin was. After source/drain
implantation and activation, contacts were opened for probing. The devices were then
annealed in forming gas for Smin at 400°C. The detailed process flow is listed in
Appendix SA. Fig. 5.5 shows a top-view Scanning Electron Microscopy image of the

memory cell, from which the gate length was determined to be L,=350nm.

5.3 Performance characteristics

There are four performance parameters of a flash memory: speed, reliability,
retention and scalability. Fast program/erase speeds, but with low voltage operation, are
highly preferred. After being stressed for 1 million P/E cycles, which is the typical flash
reliability requirement, the cell still shows good characteristics, indicating excellent
device endurance. 10 years retention of the stored information is achieved with or without
reading disturbance for stressed cells at 85°C. Our FInFET SONOS structure has been
demonstrated by simulation to be scalable to L,=40nm, while still offering good
performance.

5.3.1 P/E speeds of FinFET SONOS memory

The FinFET SONOS memory cell can be programmed/erased by a
positive/negative gate voltage, with both source and drain grounded. The P/E
characteristics of a memory device fabricated on (100) sidewalls are shown in Fig. 5.6. A
threshold voltage (V;) window between 0.9V (erased state) and 2.9V (programmed state)
can be achieved with a -11V/10ms erase pulse and a 10V/5ms program pulse,
respectively. As expected, higher operation voltages result in faster P/E speeds. The erase

characteristics are comparable to those of bulk-Si devices [22], although there is no
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neutral body as a reservoir of holes. No saturation in the programming is observed in our
FinFET SONOS device, so a larger V; window (>3.5V) can be generated with longer P/E
pulses. When the erase voltage is low (magnitude is less than 11V), a negative V; can be
achieved with a long erase pulse. Therefore, it is possible to have holes generated and
injected from the channel into the nitride layer, although there is no body contact to the:
ultra-narrow fin. With a high erase voltage, the V, finally saturates due to the balance of

the electron current tunneling through the inter-poly oxide and the hole current tunneling

through the tunnel oxide [24].
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Fig. 5.6. Program (a) and erase (b) characteristics of the FinFET SONOS memory
device fabricated on (100) sidewalls

The FinFET SONOS memory device fabricated on (110) .sidewalls has also been
tested. It has three times slower P/E speeds, as shown in Fig. 5.7: a —-11V/35ms erase
pulse and 10V/12ms program pulsé are required to achieve the same V, window as for the
(100) device. This may be simply due to the thicker tunnel oxide grown on the (110)
silicon surface as compared with the (100) silicon surface. From the tunneling current
ratio between the (100) and (110) devices, which is approximately the ratio of their P/E

speeds, the tunnel oxide on a (110) surface is estimated to be 1A thicker than that on a
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(100) surface [25].
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Fig. 5.7. Program and erase characteristics of the FinFET SONOS memory

device fabricated on (110) sidewalls

5.3.2 Reliability of FinFET SONOS memory
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Fig. 5.8. Endurance characteristics of both (100) and (110) devices. No degradation

in the V, window is observed after 1 million P/E cycles. (100) device P/E pulses are
10V/5ms and —11V/10ms. (110) devices P/E pulses are 10V/12ms and —11V/35ms.

The major advantage of a SONOS cell over floating gate flash memory is that it
offers high immunity to oxide defects by storing charges in the insulating Si;N, layer.

The excellent reliability of the SONOS device is demonstrated in the endurance
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measurement, as shown in Fig. 5.8. Both (100) and (110) memory devices show excellent
endurance up to 1 million P/E cycles without noticeable V., window degradation.
Therefore, our FInFET SONOS structure with a 3nm tunnel oxide is sufficient for 1

million cycles.

1E-3 100 device : 110 device
— 10K cycles S=75mV/dec ] —— 10K cycles S=68mV/dec
1E-44 ~ ~ - 1M cycles S=110mV/dec 3 - - - 1Mcycle S=136mV/dec

1E-5

1E-6
1E74-----
1E-8
1E-9

Drain current (A)

1E-10
1E-11

0 ' 1 ' 2 ' 3 ' :1 0
Gate bias (V)

Fig. 5.9. Subthreshold swings degrade after 1 million stress cycles. The initial
FinFET SONOS devices show good subthreshold swings. The (100) device shows
less degradation after 1 million cycles. (Vg=1V)

Although a SONOS gate stack improves the device’s immunity to defects, it does
not stop the generation of defects and traps during stress cycles. A significant number of
interface traps are generated after the device is stressed beyond 10 thousand P/E cycles
[17] and can be detected in the degradation of subthreshold swing. The I;-V,
characteristics in Fig. 5.9 show the swing difference between devices after 10 thousand
and 1 million stress cycles. Although no apparent degradation in the V: window is
observed, significant subthreshold swing degradation occurs after 1 million P/E cycles of
stress: from 75mV/dec to 110mV/dec for the (100) memory device, and from 68mV/dec

to 136mV/dec for the (110) memory device. While both are degraded after 1 million P/E
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cycles, it has been concluded that there are fewer interface traps generated in the (100)
device. Therefore, the (100) surface has better resistance to stress.

The generation of interface traps also causes degradation of inversion carrier
mobility in SONOS memory devices. Fig. 5.10 plots the measured mobility together with
the universal mobility curves [26]. First, the universal mobility on the (110) surface is
lower due to the higher electron effective mass and surface roughness [27]. Second, the
devices after 10K stress cycles, which are almost as good as fresh ones, already show
significant mobility degradation, which can be attributed to the surface roughness
resulting from the FinFET process [28]. In a FinFET, fhe channel surfaces are the etched
sidewalls created in the fin patterning. Although cured by a sacrificial oxidation, the
surfaces are still rough and degrade the carrier mobility. Third, after being stressed for 1
million cycles, (110) devices show substantial mobility degradation, indicating the
generation of a large number of interface traps. On the other hand, (100) devices show

high resistance to stress on the basis of the somewhat less reduction of mobility.

— (100) universal mobility
O (100) device 10K
+ (100) device 1M
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Fig. 5.10. Carrier mobility in the FInFET SONOS devices. The (100) device
has high mobility and shows less degradation due to stress.
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5.3.3 Retention and reading operation

The retention time has been measured at 85°C, the highest temperature for most
FLASH applications, on both (100) and (110) devices after 1 million P/E cycles (Fig.
5.11). The erased state shows virtually no V, drift with time, while the programmed state
shows the leakage of stored charges. The (110) memory device shows better retention
time because a thicker tunnel oxide is grown on the (110) silicon sidewalls, but this
benefit comes at the price of slower P/E speeds. After 10 years retention, the V; window
in the (100) device is determined to be 1.4V, while it is 1.9V in the (110) device. The

large V, window in our FinFET SONOS devices enables multiple bit storage.
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Fig. 5.11. Good retention time is seen on devices after 1 million P/E cycles at
85°C. (V, window >1.4V) .

From the V, values after 10 years retention, i.e. V;t=0.9V and Vy=2.3V, the gate
voltage for a reading operation is set at 1.6V. Fig. 5.12 plots the drain current from a
selected cell, in both programmed (Vg=1.6V, V=2.15V) and erased (V,=1.6V, V=0.88V)

states, together with the current leakage from an unselected cell (V,=0V, V=0.88V)
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during a reading operation. The current ratio between programmed and erased cells is as
high as six orders of magnitude, making the reading of cell information relatively easy.
Meanwhile, the leakage of the unselected cell remains very low for drain voltages up to
3.0V. The (110) device has a lower drive current due to its lower carrier mobility, but the
current ratio also approaches that of (100) devices. These high current ratios benefit from
the excellent subthreshold swing of the DG device and the large V, window achieved. At
high drain voltages (V4s>3V), impact ionization causes abrupt turn-on of the devices. For

a good safety margin and low power consumption, the reading voltages are set at

Vg=1.6V and V4=1.2V.
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Fig. 5.12. Drain currents of the programmed cell, erased cell and unselected cell.

As opposed to DkAM, the reading operation of a NVM cell has to be
non-destructive. Fig. 5.13 demonstrates that the stored information can be retained for 10
years of continuous reading disturbance at 85°C. A V; window of more than 1.3V is
maintained after 10 years of reading for (100) devices. Measured results with V4=2V are

also plotted to demonstrate that impact ionization will not cause the cell to malfunction
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even at a higher Vg Again, the (110) device shows better resistance to reading
disturbance because of its thicker tunnel oxide. Since the reduction in the V, window
includes both reading disturbance and tunneling leakage during the measurement, the

actual influence of the read operation is smaller than what is shown in Fig. 5.13.
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Fig. 5.13. Read disturbance characteristics of devices after 10° P/E cycles at 85°C.

5.3.4 Scalability of FinFET SONOS memory

Although devices with only 350nm gate length ére demonstrated in the report, our
FinFET SONOS memory can be scaled down to L,=40nm. Fig 5.14a shows the ISE
simulation result of a FinFET with a fin width of 20nm. The same V; window after 10
years retention is assumed, i.e. 1.4V between the programmed and erased states. The
scaling of the gate length degrades the subthreshold swing and reduces the current ratio
between two states. With our large V; window, the current ratio is still high enough for

state distinction even at L,=40nm, if the gate bias is set below 1.5V. However, the

leakage from unselected cells (V,=0V, Is=2nA/um) may become prohibitive in a
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large-scale integrated flash chip. When the device is scaled down to Ly=30nm, the high
subthreshold swing (380mV/dec) makes the distinction of states extremely difficult. On
the other hand, a thinner fin provides better scalability for the FinFET SONOS memory;

a 30nm flash cell is possible with the fin scaled to 10nm (Fig. 5.14b).
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Fig. 5.14. (a) The SONOS FinFET memeory can be scaled to L,=40nm with a 20nm
fin. (b) With a 10nm fin, it can be scaled to L;=30nm.

5.4 Conclusion

FinFET SONOS flash memory devices on SOI wafers have been demonstrated
_ for the first time. The devices show program/erase speeds comparable to' bulk SONOS
memory. There is no apparent V, window degradation up to 1 million P/E cycles,
although the generation of interface traps is observed. The stressed memory devices show
large V, windows after 10 years retention at 85°C with or without reading disturbance,
and multi-bit storage is possible with such big windows. The ratio of the reading currents
between programmed and erased states exceeds 10°, which enables relatively easy

detection of the stored information. The low current leakage of unselected cells makes the
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devices suitable for low power applications. The FinFET SONOS structure can be

successfully scaled to a gate length of 40nm, or even 30nm with a further reduction of the

fin width to 10nm. Devices fabricated on (100) and (110) silicon surfaces are compared.

Because of its thicker tunnel oxide, the (110) channel memory device has slower P/E

speeds but better retention than does the (100) channel memory device. Meanwhile, (100)

devices have higher carrier mobility and resistance to stress, so devices fabricated with

(100) surfaces are preferred.
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Appendix 5A: Process flow for FinFET SONOS memory

Step |Process b’rocess specification IEquipment lCommcms

0 |4 SOI wafer, 950A Si on 4000A buried oxide SR s

0.1  |Scribe Label the wafers ] |

1 EBeam alignment marks : - R

1.1 |[Cleaning Piranha (H,0,:H,80,=1:5) 120°C, 10min, 25:1 BHF 30s Sink6 IDewet, up to 16kQ

1.2 |[Pad Oxide [SDRYOXA 950°C, 80min, 20min N, anneal Tylan2 S10,=35nm Siemain=81nm

13 [SiGedep BiGe.019: Nucleation: T=550°C, P=300mT, SiH,=200sccm,Tystar19 [Ge concentration ~40%
t=1min. Deposition: T=500°C, P=300mT, SiH,=186sccm, 790-850nm SiGe
GeH,Lo=33scem, GeH Hi=0, t=90min

1.4 |Capoxide |I1SULTOA 450°C, 300mT, SiH,=25sccm, O,=75sccm, 8min __ [Tystarl1 140nm

1.5 |Anneal THINOX, 950°C, 30min Tylané INo thickness change

1.6  |Alignment [Resist coating: coat=program l/bake=program I ISvgecoatl [PR=1.2um

mark litho  [Exposure: focus=250, t=0.9s IGCAWS2 [PEB: 90C, 1min

Development: bake=program 1/develop=program I Svgdev IDEV: OPD4226, Imin
Descum: O;=51scem, P=50W, t=1min Technics-c
Hard bake: 120°C, 1hr Ovm

1.7 Marketch [B: p=13mTorr, CF;=100, P,,,=200, Py,=40, t=90s ILam5 ER=20A/s, Si0,/Si~1
M: P=15mTorr, Cl,=50, HBr=150, P,,=300, Py, =150, t=55s ER=100A/s, SiGe/Si0O,~13
0: P=35mT, HBr=200, 0,=5.0, P,,,=250, P,,,.=120, t=25s [ER=50A/s, Si/Si0,~100.

1.8  [Resist strip |0, S1scem, 230W, Smin Technics-c

1.9 |Cleaning  [Piranha 120°C, 10min Sink8 (Clean in dirty sink first

esa formation e e BT S i

2.1  [Cleaning Piranha 120°C, 10min, 25:1 BHF, 180s Sink6 IDewet, up to 16k

2.2  |Oxide mask [SDRYOXA 1000°C, 65min, 20min anneal Tylan2 IS10,=65nm Si;emai,=50nm

2.3 [Fin litho HSQ bi-layer 200nm, dose=1200 (too low, should be ~2000)  [Nanowriter |At LBNL

2.4 [S/D pad litho[Resist coating: coat=program 2/bake=program 1 Svgcoatl [PR=1.2um
[Exposure: focus=250, t=1s GCAWS2 [PEB: 90C, Imin
IDevelopment: bake=program 1/develop=program 2 Svgdev IDEV: OPD4226, 1min
Descum: O,=51scem, P=50W, t=1min Technics-c
Hard bake: 120°C, lhr Ovrn

2.5 [Mesaetch [B/M/O=45s/15s/20s. See 1.7 ILam5

2.6 |Resiststrip |100:1 HF 5s ' Sink7 [Remove the polymer
0, 51scem, 230W, 5min Technics-c
100:1 HF 20s Sink7

2.7  |Cleaning Piranha 120°C, 10min Sink8

2.8  |Cleaning Piranha 120°C, 10min, 25:1 BHF, 10s " |Sink6 Oxide mask recedes

2.9 Sacoxide [THIN_VAR, 830°C, N,=9, 0,=1, 24min, 900°C 20min in N,  [Tylan6 Oxide=3nm

B Gaté"st:ick definition e o e R

3.1 [Cleaning Piranha 120°C, 10min, 25:1 BHF, 20s Sink6 Oxide mask recedes

3.2 [Tunnel oxide[THIN_VAR, 810°C, N,=9, 0,=1, 24min, 900°C 20min in N,  [Tylan6 Oxide=3nm
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3.3 [nter nitride 9VNITA, 750°C, 300mT, NH;=24sccm, DCS=25sccm, Tystar9 Nitride=6.3nm
IN,=100sccm, 5.5min
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3.7  |Gate pad litho [See step 2.4
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Chapter 6

Conclusion

6.1 Summary

The exponential growth of the semiconductor market in the past four decades
stems from the dramatic miniaturization of silicon-based microelectronic devices. To
maintain the low current leakage of a transistor, the vertical dimensions must be scaled
together with its channel length [1,2]. However, as devices enter the nano-scaled region,
conventional scaling approaches are facing tremendous challenges in both manufacturing
process [3] and fundamental physics [4]. New structures, such as ultra-thin-body (UTB)
[5] and double-gate (DG) [6], are proposed to extend Moore’s law into the future.

Fully depleted (FD) MOSFETs, including UTB and DG devices ensure good gate
control of the device by eliminating the current conduction path away from the gate [7].

The effectiveness of the structures can be assessed by the analytic model developed in

Chapter 2. Derived from the physical dimensions of a transistor, the scale length

I= ’%-’T}d +T_,’-;_d’ can be used to guide the design of sub-50nm devices. The 2D effects in

both the body and the high x gate dielectric are included. The influences of body doping
and pocket implants on shoﬁ channel effects (SCE) are also modeled. In addition, the
model predicts that a correct threshold voltage can be achieved only by gate
workfunction engineering in sub-30nm transistors [8].

One significant fabrication challenge of a UTBFET is the formation of the ultra-

thin channel film with good uniformity and crystalline quality. Lateral solid-phase-
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epitaxy is proposed because a deposited film can be very uniform and its thickness
precisely controlled. Several techniques are introduced to improve the quality of the final
SPE film, such as implanting silicon atoms and shifting the twin boundary out of the
channel. Our experiment shows that the crystalline quality is good for only a short SPE
range (<60nm). Defects are generated and degrade the device performance when the SPE
propagates more than 60nm. With its relatively easy integration with bulk CMOS,
SPEFET is suitable for sub-50nm device generations [9].

With an N+/P+ poly gate on a FD body, the transistor will have unsuitable
threshold voltages (Vi), which prevent its wide use in circuit applications [10]. Nickel
silicide is proposed as the CMOS gate material because of its high conductance,
elimination of gate depletion, and continuously adjustable workfunction [11]. The
workfunction of NiSi can be tuned by dopants implanted into the silicon film before
silicidation, and the workfunction range covers the requirement of both NMOS and
PMOS. The quality of a thin oxide under a NiSi gate is also investigated, and there is no
degradation observed in MOSFET performance compared with devicés having a
polysilicon gate, which indicates the excellent compaiibility of the NiSi gate with the
current CMOS process. Therefore, nickel silicide is highly advantageous as a single gate
material for a CMOS circuit, even with multiple Vs [12].

For bet_ter scalability, the FD structure is applied to flash memory, which is also
facing significant scaling challenges due to its thick gate stack. By providing an
alternative way of scaling, i.e. thinning of the body, FInFET SONOS can be successfully
scaled to sub-40nm, while excellent device performance can be still achieved. With the

absence of a neutral body, the FInFET SONOS memory behaves similarly to a bulk
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SONOS cell, except for the improved SCE and scalability. Good program/erase speeds,
endurance and retention are demonstrated in FinFET SONOS memory devices. Their
large V, windows enable multi-bit storage, which further increases the storage density.
Devices fabricated on (100) and (110) sidewall surfaces are compared, and it is observed
that (100) devices show more resistance to electrical stress. The FInFET SONOS device

is a promising candidate for large capacity embedded flash memory [13].

6.2 Suggestion for future work

6.2.1 Integration of NiSi gate with FinFET and UTBFET

In Chapter 4, nickel silicide gates are proposed for FD transistors to achieve
appropriate threshold voltages, and their correct workfunction and good interface have
been demonstrated on bulk MOSCAPs and MOSFETs. However, the integration of this
new gate material with UTB and DG devices involves many process challenges. A
chemical mechanical polish (CMP) step is required to expose the poly gate while keeping
the source/drain protected during silicidation. A manageable CMP process window
requires a sufficiently thick poly gate (>400nm). Moreover, a thick oxide hard mask is
needed to protect the gate during source/drain implantation because dopants would
change the workfunction of the final silicide film. Since electron-beam lithography
typically uses a resist only 200nm thick, this thick gate stack in a FinFET is difficult to
etch. A CMP step before the hard mask deposition to planarize the surface is highly
recommended to relax the over-etch margin. Selective Ge is commonly grown as the
raised S/D for a UTBFET. Although Ge will not be removed in the CMP, it will react

with Ni and dissolve in piranha if it is exposed in the CMP. Therefore, an etch chemical
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that can selectively remove unreacted Ni while keeping NiSi and NiGe untouched is
highly appreciated for large process windows. If a spacer technology that prevents
bridging between the gate and S/D can be developed, the process can be dramatically
simplified.

6.2.2 Tunneling FET for sub 60mV/dec subthreshold swing

In a MOSFET, subthreshold swing is the key parameter that determines the
minimum V, and the efficiency of the on/off transition. FD thin body is proposed to
improve SCE by reducing the electrostatic coupling from the source and drain. Bﬁt as
long as the drift-diffusion current dominates the current conduction, the optimum limit of
the swing is 60mV/dec. Many novel ideas have been proposed to break this limit, and
two major approaches are positive feedback, such as impact ionization, and quantum
tunneling. While a device taking advantage of impact ionization can achieve
S=10mV/dec, it requires a high drain voltage and its application is limited [14]. On the
other hand, the tunneling phenomenon sets no fundamental limit on the swing.

Some preliminary results on tunneling FET (TFET) have been obtained. The
device structure is shown in Fig. 6.1, and a N-type TFET will be assumed in this
discussion. The current conduction mechanism is band-to-band (BTB) tunneling, the
same as the origin of gate-induced-drain-leakage (GIDL) [15]. The lightly doped body
between the source and drain reduces reversed PN junction leakage. When the vertical
band bending in the P+ source region, which is controlled by the gate voltage, is below
Eg, only the carrier generation in the depletion region contributes to device leakage.
When the band bending exceeds Eg, BTB tunneling occurs. The drive current density can

be derived from a simple tunneling model [16] as 7=KE, exp(-B/E,) , while
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2
K= 2 q2h2 1/quE . and B =4J2qu: /3;, . The vertical electrical field at the surface E;
Y4

can be calculated from the full depletion approximation: E;=J(Z.—NJ +ZZ—N(V,-V,»)-%I!. A

high Cox (or thin T,x) means high sensitivity of the E; to the gate bias.

N+ gate P+ gate
P+ source / \ N+ drain N+ source J \ P+ drain
N substrate P substrate
(a) ®

Fig. 6.1. Structures of (a) N-type and (b) P-type tunneling FET.

Fig. 6.2 plots the device performance of such a structure. It shows the behavior of
a MOSFET, as expected, but with poor performance. First, the device is slow because the
intrinsic delay of this device is estimated to be about 25ns. Si;lce the current is
proportional to the area, the intrinsic delay (CV/I) does not scale with device size. A low
band-gap material, such as Ge, can dramatically increase the BTB tunneling current,
making this structure more attractive. However, with the use of a low E; material, the
junction leakage between the source/drain and body could be a concern. Second, a high
V. is required to bend the band in the heavily doped sourcé region. This problem can be
solved by a thinner gate oxide or a lower E; substrate. Third, the swing (~270mV/dec)
does not meet our goal because of the 2D coupling from the drain. With a positive Vs,
the total band bending always exceeds E;. When the gate bias is low, two-step tunneling
causes the gradual on/off transition: vertically from the source to the surface, then
laterally to the drain. Careful sizing of the dimensions and thorough simulation may

reveal the optimal design and break the kT/q limit.
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After all, TFETs with a properly designed geometry and a low E; substrate

material, such as Ge, could promise to achieve very low subthreshold swings.
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