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Chapter 1

Introduction

1.1 Introduction

Are you happy? If large scale integrated circuits (LSI) suddenly disap-
pear in your life, it must be inconvenience to you, and your answer to the
first question may be “No”. The transistor was invented 50 years ago [1].
After this invention, electrical circuits changed from using vacuum tubes
to using transistors. LSI, which are the major products of the semicon-
ductor industry were born. Elevation of LSI capability and shrinkage of
the cost have been realized by the many developments in semiconductor
manufacturing technology. As a result, the market for LSI was not only
in calculating computers, but also in home electrical goods, including the
micro-computer. ,

The development of LSI has gone hand in hand with the development of
the metal-oxide-semiconductor field-effect transistor (MOSFET), because
LSI is principally constructed from MOSFETs.

The insulated gate field effect transistor (IG-FET), which is an an-
tecedent of the MOSFET, was proposed in 1930 [2]. The fieldistor, in
which current through a p-n junction at the surface was controlled by
the gate voltage across a vacuum gate insulator was demonstrated in
1952 [3]. The interfacial traps at the insulator/semiconductor interface

were problematic for the operating stability of the IG-FET, because the
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device current flows at the interface. However, the IG-FET was a very
attractive device for LSI due to the planar structure and the high in-
put impedance. In the 1960s, IG-FETs with a silicon dioxide film were
demonstrated [4, 5]. These reports showed that the silicon/silicon dioxide
interface was véry stable. Since then, a great deal of research interest has
focussed on the development of the MOSFET.

Dennard et. al have reported on the scaling-rules for MOSFETSs, and
have shown that the capability of MOSFETS can be increased by scaling-
down the device size [6]. As MOSFETSs have been scaled down by scaling-
rules, the number of transistors in LSI has increased. At present, 0.25 um-
long gate MOSFETs are used in mass-produced LSIs. In the research
field, 40 nm-long gate MOSFETs with doped source/drains (S/Ds) have
been demonstrated (7, 8]. In addition, operation of a 14 nm-long gate
MOSFET with electrically generated S/Ds has been reported [9, 10]. For
high-speed operation, sub 10 ps gate delay with sub 0.1 um-long gate
complementary MOS logic has been reported [11, 12].

Many novel technologies have been developed for scaling-down the
MOSFET using scaling-rules, and have broken through the limits of scal-
ing. Figure 1. 1 shows the progress of the MOSFET gate length in the
research field. If the MOSFET is scaled down at the present rate, 10 nm-
long gates will be realized in 2002. However, serious limits to scaling are
found. Two serious limits are as follows. At 20 nm-long gates, a limit
to the fabrication process is encountered [13], and at 10 nm-long gates,
there is a physical limit to device operation due to quantum effects in
the devices, because the device size becomes equal to the electron wave
length in Si.

This paper describes a study on metal/semiconductor and
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Figure 1.1: Progress of MOSFET’s gate length.

metal/insulator tunneling field effect transistors to be used as ultra-fine
elements in LSI in the same way as MOSFETs. These devices can break

through the limits of MOSFETs.

1.2 Nanometer-size Electron Device

1.2.1 The Limits of MOSFET Scaling

In this section, the limiting size of the MOSFET and the cause of these
limits are described. Short channel effects, such as threshold voltage shift
and increasing subthreshold swing can be suppressed by scaling down
using scaling-rules. However, the limits of the fabrication process and
the physical limit of device operation appear, if the device size is scaled
using scaling-rules. Figure 1. 2 shows the estimated minimum size of the

MOSFET considering the limit of the fabrication process [13]. In this
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Figure 1.2: Ultimate size of the MOSFET considering the limits of the
fabrication process.

estimation, the gate length is 20~25 nm and the effective channel length
is 16-21 nm. These values are determined by the gate oxide thickness
and the S/D junction depth. As limits, the gate oxide thickness is 0.7—
1.5 nm, the S/D junction depth is 5-10 nm, and the S/D sheet resistance
3-10kQ/0 [13].

These limiting values are determined as follows. Previously in scaling-
down, the gate oxide thickness for 100 nm-long gate MOSFETSs was 3—
4 nm. Continuation of this scaling gives a gate oxide thickness of 1-2 nm
for 40 nm-long gate devices. At 1-2 nm-thick oxides, the gate leakage
current increases due to tunneling from the channel to the gate. There-
fore the dynamic power dissipation increases, although the device can still
be operated. Device operation of the MOSFET with a 1.5 nm-thick gate
oxide has been réported [14]. Recently reliability of 1.5-2 nm-thick gate
oxides has been discussed [15]-[17]. As a result, the increasing dynamic

power dissipation can not be suppressed, even though the transconduc-
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tance increases. To reduce dynamic power dissipation, the supply voltage
must be low, because the gate leakage depends upon the electric field in
the device. The limit of the gate oxide thickness depends on the tunnel-
ing leakage, although ultra-thin oxides can be grown using conventional
processes, such as thermal oxidation of the substrate.

For doping S/Ds, shallow junctions have been realized using developed
novel processes, such as ion-implantation. For example, 40 nm-long gate
n-MOSFET with 10 nm-deep junctions were formed by solid-phase dif-
fusion of phosphorous [7]. The sheet resistances was 6.2k{2/0 and the
dopant concentration, 1x10?*cm~3. For p-MOSFETSs, 7 nm-deep junc-
tions were formed by ion-implantation of decaborane [8]. The sheet resis-
tance was 25k2/0 and the dopant concentration was ~10%cm™3. These
values are almost the same as those in Fig. 1. 2. However, to break
through the process limit, the junction depth must be a few nm and
the dopant concentration must be more than 1x10%'cm™3, which is the
solid solubility limit of the dopant. The limits to S/D formation are de-
termined by control of the dopant concentration and the solid solubility
limit [18]. |

From this discussion, it is clear that the process limits, which depend
on the gate oxide thickness and the S/D junction depth are determined
by the materials from which the device is fabricated.

The physical device operation limit is as follows. 14 nm-long gate MOS-
FETs have been demonstrated using ultra-shallow junctions, formed by
an electric field [10]. This shows that 14 nm-long gate MOSFET's can be
operated using scaling-rules. However, after breaking through the process
limit to fabricate 10 nm-long channels, the channel length is equal to the

electron wave length in Si. Then, the device operates quantum mechani-
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cally. For example, tunneling current flows directly from source to drain.
Moreover, interband tunneling at the source/channel and drain/channel
junctions occurs due to the increased dopant concentration required by
the scaling-rules. Therefore the device operation is discussed using quan-
tum mechanics, and scaling-rules can not be used in the nm-size region.

Therefore, to realize nm-size devices, new device materials for the pro- -
cess limit and a new operating principle for the physical limit are neces-

sary.
1.2.2 Realization of nm-size Device

In this section, a method of realizing nm-size devices is described.
Firstly, the gate insulator material is discussed. A high permittivity gate
insulator is necessary for keeping gate control and insulation. The effi-
ciency of the gate control is determined by the permittivity ratio between
the gate insulator and the channel (Si). Thus, if an insulator, which has
a higher permittivity than SiOj is used, the insulator thiékness can be
thicker giving better insulation properties. At present, silicon nitride and
oxynitride are being studied [19]. Silicon nitride and oxynitride are well
known insulators, due to the fact that nitride and oxynitride films are
used for tunneling barriers in Flash memory devices and boron stoppers
through gate oxides. In addition, MOSFETs with TayOs5 (,=25) gate
insulators have been reported [20, 21], and thin TayOj films, equivalent
to 1.8 nm-thick SiOs show gate leakage reduction, when compared to
SiO; films. Moreover, epitaxially grown nm-thick gate insulators on Si
are attracting attention [22]-[24]. Using epitaxial growth, uniform and
controllable nm-thick films can be realized. To break through the gate
oxide thickness limit, a high permittivity insulator is necessary.

For the formation of S/D junctions, low resistance layers such as el-
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evated S/Ds or self aligned silicides [25]-[28] and short insulator spac-
ers as shown in Fig. 1. 2 are needed to reduce series resistance, while
ultra-shallow junctions can be realized by developing the doping process.
Therefore, metal S/Ds are very attractive prospect for nm-size devices.
The metal has a high carrier concentration, of about 10%2cm™3, and the
fabrication process is simpler. The sheet resistance of nm-thick metal -
is about 100€2/0, because the resistivity of metals is about 10p82cm.
Therefore, low resistance and ultra-shallow S/Ds can be realized by us-
ing a metal without the need for a low resistance layer on S/D, and with
the benefit of a low contact resistance between the S/D and the external
electrode. In addition, the source/channel and drain/channel interface
can be controlled precisely by the metal/semiconductor hetero-interface.
Silicide technology has been developed particularly for low contact and
sheet resistance [27]-[31]. Thus silicides are part of conventional Si de-
vices and can be easily realized.

For devices with ultra-thin gate oxides, the depletion layer at the
gate/gate oxide interface can not be neglected, because the gate elec-
trode in conventional MOSFETs is formed with highly doped poly-Si.
Therefore, to prevent this, the gate electrode should be formed with a ,
metal [32, 33].

For short channel devices, statistical fluctuation of the channel dopant
is problematic [34, 35]. The channel should use an un-doped layer, al-
though the channel doping concentration must be increased to suppress
the short channel effect. Therefore, a fully depleted silicon on insulator
(SOI) structure is an attractive choice.

Now, a solution to the physical limit is proposed. In the nm-size region,

devices operate quantum mechanically. As a result, nm-size devices be-
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come quantum effect devices. Tunneling devices are one of the attractive
choices for nm-size devices.

So, from these discussions, it has become apparent that a tunneling
field effect device with a high permittivity gate insulator, a metal S/D

and gate and un-doped channel is an attractive choice for nm-size device.
1.2.3 Utilization of Quantum Effect Devices

The appearance of quantum effects in the nm-size region have been
described. In this section, the advantages of quantum effect devices will
be explained. Quantum effect devices can be fabricated not only with a
high level of integration, but also with a simplified circuit construction
because of the different current-voltage characteristics from conventional
devices [36].

Figure 1. 3 shows a flip-flop circuit using resonant tunneling diodes
(RTDs). The current-voltage characteristic of a RTD has negative dif-
ferential resistance (NDR), as shown in Fig. 1. 3 (b). The voltage at the
midpoint of two RTDs V, is either at point S; or Sy, which is deter-
mined by the load line (dashed line). When RTD1 is the load and RTD2
is the transistor with NDR characteristics, V4 is changed from S; to S,
or from S to S; by the input signal “0” or “1”. The timing diagram is
shown in Fig. 1. 3 (c¢). This R-S flip-flop circuit can be constructed us-
ing two RTDs. Using conventional MOSFETS, the R-S flip-flop circuit is
constructed using two NAND gates and each NAND gate is constructed
using two transistors. Therefore, four MOSFETSs are necessary for a R-
S flip-flop. Using quantum effect devices, the number of devices in the
circuit can be decreased.

The first application of quantum devices to a circuit were demonstrated

using resonant tunneling hot electron transistors (RHETSs) [37, 38]. Fol-



Chapter 1. Introduction 9

[ | L[

>

——p

Time

Figure 1.3: Simple flip-flop circuit using resonant tunneling devices. (a)
circuit configuration, (b) current-voltage characteristics and (¢) timing
diagram.

lowing that, field effect type quantum effect devices, which have a high
input impedance have been studied for use in LSI elements [39]-[42].
Recently, four valued analog/digital converters and 35 Gb/s D-flip-flops
have been demonstrated using a NDR device, composed of a RTD and
a HEMT [43, 44]. As yet there have been no reports on quantum effect
device applications to circuits, although quantum effect devices on Si sub-
strates have been reported [45]-[49]. Circuit applications with the NDR
characteristics of an interband tunneling diode have been demonstrated
[50]-[52].
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1.3 Tunneling Field Effect Transistors

The tunneling field effect transistor with a metal S/D and gate is an
attractive choice for nm-size devices and is applicable to multi functional
devices, such as described above. In previous work, many kinds of tunnel-
ing field effect transistors have been proposed and demonstrated. These
devices can be divided into two types of transistor. The device structures
of each of these types shown in Fig. 1. 4. One of them is a Schottky S/D
MOSFET, which has an ultra-shallow metal S/D junction, as shown in
Fig. 1. 4 (a) [53]-[55]. The source/channel and channel/drain junctions
are Schottky diode junctions. The channel region is a tunneling barrier,
and carriers tunnel from the source to the channel through the Schottky
barrier by application of a gate voltage. The metal/insulator tunneling
transistor, which has an insulator for the channel and the same device
structure as a Schottky S/D MOSFET, has been studied [56]-[59].

The other type of tunneling field effect transistor is the Verti-
cal Tunneling Field Effect Transistor (VIFET), which consists of a
metal /semiconductor/insulator heterostructure, as shown in Fig. 1. 4 (b).
The gate voltage controls the electric field at the source barrier and elec-
trons tunnel from the source to the channel through the nm-thick tunnel-
ing barrier [60]-[63]. In this work, VTFETSs with a CoSiy/Si/CdF,/CaFs,
heterostructure, which can be grown on Si substrates [64]-[68] are stud-
ied. For this VITFET, the source, drain and gate is CoSiy and the gate
insulator is CaF's, which has a higher permittivity than SiO, and enables
device operation at nm-sizes. In addition, large current drivability can
be achieved, because the tunneling junction is composed of a nm-thick
heterostructure.

These tunneling devices can be operated at nm-sizes and detailed char-
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Figure 1.4: Tunneling field effect transistors. (a) Schottky S/D MOSFET
and (b) vertical tunneling field effect transistor (VTFET).

acteristics at this size is described in chapters 2 and 4. The drain curves
of these devices are very similar to those of conventional MOSFETs.
Schottky S/D MOSFETSs can easily be realized, because the fundamen-
tal device structure is the same as that of a conventional MOSFET. The
VTFET can be applied as a quantum effect device, such as resonant
tunneling device and quantum interference device [39, 69], because the
VTFET is fabricated with multi layer heterostructures. Improvements in
the circuit capability can be achieved the reducing the number of devices

in the circuit using quantum effect devices [36, 43, 44].
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1.4 Purpose and Outline of This Thesis

The purpose of this thesis is to realize tunneling field effect transistors
with metal S/D and gate and un-doped channel as ultra-fine elements in
LSI. Schottky S/D MOSFETs and vertical tunneling field effect transis-
tors (VIFETs) with CoSiy/Si/CdF,/CaF, heterostructures, which can
be grown on a Si substrate, were studied. For each device, degrada-
tion of the characteristics for very short channel structures was analyzed
theoretically. From a comparison between conventional MOSFETS and
tunneling FETSs, the advantage of these tunneling devices with very short
channel structures was shown theoretically. Very short metal gate Schot-
tky S/D MOSFETs were fabricated on a SIMOX substrate, and room
temperature operation of a 25 nm-long gate device was demonstrated.
CdFy/CaF; heterostructures, which were a fundamental structure of the
proposed VIFET were grown on a Si substrate and primitive field ef-
fect transistor action with these heterostructures was demonstrated. The
outline of the thesis is shown in Fig. 1. 5. In chapter 2, a theoretical
analysis of the Schottky S/D MOSFET is described. The characteristics
of the Schottky S/D MOSFET in the nm-size region are discussed and
a comparison between the Schottky S/D MOSFET and the conventional
MOSFET is shown. In chapter 3, the characteristics of the Schottky
S/D MOSFET fabricated on a SIMOX substrate are described. In chap-
ter 4, a theoretical analysis of the VIFET is done. The characteristics
of the VIFET at nm-sizes are discussed and a comparison between the
VTFET and the conventional MOSFET is shown. In chapter 5, fabri-
cation of field effect transistors with CdF;/CaF; heterostructures grown
on a Si substrate, which is the fundamental structure of the VTFET,

is described. The fabrication process and the electrical characteristics of
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field effect transistors with CdF;/CaF5 heterostructures are discussed. In

chapter 6, the conclusions of this study are described.
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Figure 1.5: Outline of this thesis.



Chapter 2

Theoretical Analysis of Schottky
Source/Drain MOSFETSs

2.1 Introduction

The Schottky source/drain (S/D) MOSFET, which has ultra shallow
metal S/D junctions, as described in the previous chapter, has the po-
tential for scaling into the nanometer regime. The first demonstration
of the Schottky S/D MOSFET was reported in 1968 [70]. Then several
groups studied Schottky S/D MOSFETSs in 1980s [71, 72, 73]. However,
the current drivability of these devices was smaller than that of conven-
tional MOSFETS, because the tunneling resistance was large due to the
gap between the gate and the S/D junctions. Although the Schottky
barrier thickness was thinned and drivability was increased by channel
doping [74, 75], electrical circuits continued to be manufactured using
conventional MOSFETSs for which doping process were developed to pro-
vide low resistance and shallow S/D junctions. However, due to metal
S/D and tunneling device, in 1990s, nm-sized Schottky S/D MOSFETs
were analyzed theoretically [53, 54, 76, 77|, and were demonstrated [55],
[78]-[80]. Recently, 27 nm-long channel PtSi Schottky S/D MOSFETs
have been reported [81]. |

Although low S/D resistances can be realized by metal S/D junctions
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in the Schottky S/D MOSFET, the drain current is suppressed by the
Schottky barrier. If the S/D is formed with a high Schottky barrier metal,
the tunneling resistance of the Schottky barrier increases and the drain
current becomes small. If this problem can be solved, the Schottky S /D
MOSFET will have the same capability as a conventional MOSFET with
a highly doped S/D. In addition, there are several advantages of applying -
Schottky S/D MOSFETS to integrated circuits. The contact resistance
between the S/D and the external electrode is lower. The temperature
during the fabrication process is lower, because the process requires no
doping. Thus the metal gate can be easily realized (32, 33].

As mentioned in the previous chapter, the channel should be un-doped,
because the statistical fluctuation of the dopant is problematic for a short
channel device. However, the channel doping concentration must be in-
creased to suppress the short channel effect. Therefore, a fully depleted
SOI structure is an attractive choice. In this work, a single gate SOI
structure, which is the most popular structure for suppressing the short
channel effect, was chosen. Double gate, gate all around and wire chan-
nel structures have been proposed and demonstrated [82]-[90]. In these
structures, suppression of the short channel effect can be realized by in-
creasing the gate area, which has the same effect as thinning the gate
oxide. Although these structures strongly suppress the short channel
effect, it is difficult to apply to integrated circuits, because of the compli-
cated structure. Although the cost of SOI wafer products is high, IBM
has succeeded in reducing this and started to sell SOI chips with sin-
gle gate structures. [91]. Therefore a single gate SOI structure is the
pragmatic structure for suppression of the short channel effect.

In this chapter, a theoretical analysis of the Schottky S/D MOSFET is
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described. The relationship between the Schottky barrier height and cur-
rent drivability is discussed. The characteristics of Schottky S/D MOS-
FETs in the nm-size region are discussed and a comparison between the

Schottky S/D MOSFET and the conventional SOI-MOSFET is drawn.
2.2 Device Structure

The device structure is shown in Fig. 2. 1. As mentioned in the pre-
vious section, the single gate SOI structure was used. The gate oxide
thickriess was 3 nm. The SOI layer and buried oxide layer (BOX) thick-
nesses were 10 and 50 nm, respectively. The S/D junction depth was
the same as the SOI layer thickness. In operation, electrons or holes
tunneling through the Schottky barrier from the source to the channel
were controlled by the voltage applied to the gate across the gate oxide.
The drain current depends on the tunneling resistance of the Schottky
barrier and the channel resistance. For a high S/D Schottky barrier, the
drain current depends mainly on the tunneling resistance, and for a low
barrier, the characteristics become almost the same as those of a conven-
tional MOSFET, in which the drain current is determined by the channel

resistance.
2.3 Calculation Model

The device characteristics were analyzed as follows. First, the poten-
tial distribution in the device under the application of drain-source and
gate-source voltages (Vps and Vgg) was calculated by solving Poisson'’s
equation using a finite element method. The outer material surround-
ing the device was assumed to be SiO;. Then, the drain current was

calculated using the potential distribution calculated above. The carrier



Chapter 2. Theoretical Analysis of Schottky Source/Drain MOSFETs 17

(a)

Gate Gate Oxide 3nm
Source Drain
(metal) _ (metal)
\ /\ — Burried Oxide 50nm

N =~Sj Substrate

Schottky Junctions SOl Channel 10nm

(b)

¢B " Gate Electric Field

Source

Channel

Drain

Figure 2.1: Device Structure of Schottky S/D MOSFET. (a) Cross-
sectional structure and (b) band diagram.
density in the channel affects the potential distribution and the drain cur-
rent. This carrier density is determined by the drain current. Therefore,
the drain current was recalculated to be self-consistent with the carrier
density and the potential distribution.

The potential distribution was calculated by solving the following Pois-

son’s equation.

v2¢ - T (21)

where e is the electron charge, ¢ is the potential, n¢ is the carrier density
and ¢ is the permittivity.
Carrier transport at the Schottky barrier was modeled by a combina-

tion of the thermal emission current Jry and the tunneling current Jpy,
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Figure 2.2: Model for calculation of the device characteristics.

as shown in Fig. 2. 2.
The thermal emission current is given by
N epp
Jrg = RT? [— — <———>] , 2.2
TH Yo exp ksl (2.2)
where T' is the absolute temperature and R is the Richardson constant,

which is given by
drem* kS
h3

where m* is the effective mass, kg is Boltzmann’s constant, 4 is Planck

R= (2.3)

constant and ¢p is the Schottky barrier height. In eq. (2. 2) ngy is the
density of carriers having greater energy than the Fermi energy in the

metal. This is shown in Fig. 2. 2 and is given by

E
ng = n; exp (2k3g ) . (2.4)

Ineq. 2. 2, N is the density of carriers at a distance Az from the Schottky

interface, which have a greater energy than e$p. This is shown in Fig. 2. 2
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and is given by

__ RT? edp ed (Ax)
N = e—Dexp (—EB—T) Ax exp (— T ) , (2.5)

where D is the diffusion constant.
The tunneling current through the Schottky barrier Jry is given by
[92]
€2F2 8 3
= 2m* :
8Thdp SheR V2™ (695) (2:6)

where F' is the electric field at the Schottky barrier.

JTN €Xp [—
Barrier lowering due to the image force is included in the calculation

using the following equation.

F
¢ = ¢B0 — \l:Ts’ | (2.7)

where @pg is the Schottky barrier height without an applied voltage.
The drain current Jp is given by the difference between the current
from the source to the drain Jgp and the current from the drain to the

source Jpg.
Jp = Jsp — Jps = (Jrus + Jrns) — (Jrep + JrNp) (2.8)

where Jrgs, Jrns, Jrap and Jryp are given by egs. (2.2) and (2.6).
The current in the channel Joy was calculated using the drift-diffusion

model.

Jor = encultess (=V¢) + eDVnep, (2.9)

where pefs is the effective mobility and ncy is the carrier density in the
channel. For the calculation of the carrier distribution in the channel,
the following equation was used as a boundary condition at each point in

the channel,
V-J=0. (2.10)
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The carrier density in the outside of the channel was assumed to be zero.

The carrier density at the S/D interfaces was calculated from the drain

current using eq. (2. 5). The drain current was recalculated to be self-

consistent with the carrier density and the potential distribution, because

the carrier density in the channel affects the potential distribution and

the drain current. The process for calculating the drain current is shown -

in Fig. 2. 3.

l Start |

y
@ssumption of a carrier density in the channel j

)

Calculation of the potential distribution
using eq.(2.1)

v
Calculation of the drain current from the thermal
emission current and the tunneling current
using egs. (2.5), (2.8), (2.9) and (2.10)

z
[ Calculation of the channel carrier distribution J

using egs.(2.5), (2.8), (2.9) and (2.10)

No

Figure 2.3:

AJ(=J n+0-J @)=0 ?

Self-consistent process for calculating the drain current.
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2.4 Results of Calculation

In this calculation, the constants used for electrons and holes were as
follows. For Si the effective masses were m*, = 0.19my and m*,, = 0.15my
for electrons and holes, respectively [93]. The hole effective mass used was
that of a light hole. The mobilities of Si used were y, = 450 cm? /Vs and
pn = 125 cm?/Vs for electrons and holes, respectively [94]-[97]. These
mobilities were for an effective channel electric field of E, ff=04MV/cm
[96, 97], which corresponds to the electric field in the channel at Vgg =

1.5 V. In this calculation, velocity saturation was neglected.
2.4.1 Drain Current Curves

Figure 2. 4 shows the common-source characteristics calculated at 300K
for various values of Vg for a 50 nm gate length p-type Schottky S/D
MOSFET. The channel length was 35 nm. The Schottky barrier height
was assumed to be 0.25 eV. As with conventional MOSFETsS, the drain
curves for the Schottky S/D MOSFETs saturate.

2.4.2 Current Drivability

The relationship between the channel length L and the drain current
Ip as a function of the Schottky barrier height ¢pgg is shown in Fig. 2. 5.
The applied voltages were Vps = Vgg = -1.2 and 1.2 V for p-type and
n-type, respectively. The drain current increases with Schottky barrier
lowering, due to the increased thermal emission and tunneling currents,
as shown in egs. (2. 2) and (2. 6). To compare Schottky S/D MOSFETs
and conventional MOSFETS, the drain current of conventional MOSFETSs
98, 99] is drawn in the same figure. These results show that for Lc<30 nm

the same drivability as for conventional MOSFETS can be realized using
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Figure 2.4: The drain current curves with common-source for a 50 nm
gate length Schottky S/D MOSFET with 0.25 eV S/D Schottky barrier.
low Schottky barriers. These were estimated to be about 0.25 for p-
type and 0.1-0.15 eV for n-type devices, respectively. This difference
between the estimated barrier height for n-type and p-type depends on
the effective mass.

Taking these barrier heights into consideration the appropriate S/D
metal is discussed bellow. The Schottky barrier height depends on the
material [100, 101]. Therefore both n-type and p-type devices can be
realized by the choice of S/D metal. For p-type devices, appropriate S/D
metals are PtSi (¢p,=0.24 eV) and IrSi (¢p,=0.18 eV) [76, 102, 103].
However, there are no silicides which meet the above requirement for
n-type devices. Although the lowest Schottky barrier silicide is ErSis
(¢8,=0.2 eV) [79, 104, 105, 106], the drivability of ErSi, Schottky S/D
MOSFETsS is ten times smaller than that of conventional MOSFETs.
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In previous reports, the Schottky barrier height of germanosilicide was
reported to be lower than that of silicide [78, 107, 108]. Therefore good

drivability can be realized using germanosilicide S/Ds.
2.4.3 Subthreshold Characteristics

The subthreshold characteristics of p-type Schottky S/D MOSFETs .
as a function of channel length are shown in Fig. 2. 6. The Schottky
barrier height is 0.3 eV. The subthreshold characteristics degraded with
decreasing channel length. In addition, a current plateau appears in the
subthreshold characteristics [55]. This is because the tunneling current
becomes larger than the thermal emission current in the high negative
gate voltage region. In addition, in the high positive gate voltage region,
the drain current increases with positive gate voltage, because the channel
mode changes from p-type to n-type [80].

The band diagrams of Fig. 2. 7 illustrate the operating principle of the
device. With high negative gate bias, holes tunnel through the Schottky
barrier and the drain current increases with gate bias, this time along
field emission characteristics (Fig. 2 .7 (a)).

With decreasing negative gate bias, only the fixed Schottky part of the
barrier to holes remains and the current is limited by thermal emission
(Fig. 2. 7 (b)). _

In Fig. 2. 7 (c), when the device is in its off state, drain leakage current
enters the channel crossing a combination of the Schottky barrier and
an electrostatic barrier through thermal emission. The characteristics in
this region are the same as in conventional MOSFETSs.

With high positive .gate voltage, electrons tunnel through the drain
Schottky barrier and the drain current increases with positive gate bias

(Fig. 2. 7 (d)).
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Figure 2.5: Drivability of Schottky MOSFETS as a function of Schottky
barrier height for (a)p-type and (b)n-type devices.
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Figure 2.6: Subthreshold characteristics of Schottky S/D MOSFETs as
a function of channel length.

In the subthreshold characteristics, the limit of the off current is shown.
The limiting off current is determined by the change of the channel mode
and depends on the drain Schottky barrier height. Therefore the off

current can be small using a drain metal which has a low Schottky barrier

in the on-state.
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Figure 2.7: A band diagram description of the different current regimes
showing typical subthreshold characteristics.
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2.4.4 Short Channel Effect

The relationship between threshold voltage shift, subthreshold swing
and channel length for a p-type Schottky S/D MOSFET with 0.25 eV
S/D barriers is shown in Fig. 2. 8. For comparison between a Schottky
S/D MOSFET and a conventional MOSFET, the results calculated by
Fiegna et. al. for conventional MOSFETs with the same device struc- |
ture, are drawn in the figure [99]. The threshold voltage is defined as the
gate bias corresponding to IpLc/W¢ = 0.5 pA. The threshold voltage
shift of Schottky S/D MOSFETs is smaller than that of conventional
MOSFETs. However the subthreshold swing of Schottky S/D MOS-
FETs is larger than that of conventional MOSFETSs even with a long
channel. In the conventional MOSFET, the drain current is controlled
by the gate bias, which modulates the channel potential under the gate
electrode. In the Schottky S/D MOSFET, the drain current is mod-
ulated by the electric field at the source Schottky barrier. The drain
voltage strongly affects the potential at the center of the channel. How-
ever, the potential near the source is weakly affected by the drain volt-
age. Therefore the threshold voltage shift of Schottky S/D MOSFETs
is small. Moreover the region controlled by the gate voltage in Schot-
tky S/D MOSFETSs (source/channel interface) extends further than that
for conventional MOSFETs (channel region under the gate). Therefore
the subthreshold swing of Schottky S/D MOSFETs is larger than that
of conventional MOSFETSs. To reduce the subthreshold swing, the gate
oxide must be thinned, as shown in Fig. 2. 8.

The relationship between the threshold voltage shift, subthreshold
swing and the channel length as a function of SOI layer thickness is

shown in Fig. 2. 9. The short channel effect can be suppressed by thin-
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ning the SOI layer. The short channel effect can be suppressed even with

a 15 nm-long channel with tox = 1 nm and tsor = 3 nm.
2.4.5 Influence of the gap between the gate and the S/D junctions

In previous works, the reduced drivability due to the gap between the
gate and the S/D junctions has been reported [72, 76]. To realize good .
device characteristics, overlap of the gate and the S/D is necessary. How-
ever, the gap depends on the S/D material and the fabrication process,
especially when the S/D junctions are formed by diffusion of the metal,
such as silicidation. This is covered in the next chapter.

Relationships between the gap d, the drain current, the transconduc-
tance and the subthreshold swing are shown in Fig. 2. 10. The channel
length is 35 nm, and the gate length is Ly = Lc—2d. When the gate over-
laps the S/D, the characteristics do not change. However, with increasing
gap, the drain current and the transconductance decrease and the sub-
threshold swing increases. When the gap is 10 nm, the drain current
and the transconductance are reduced by a f;emctor of ten and the sub-
threshold swing becomes twice the value without a gap. To retain good

characteristics, the gap must be less than 10 % of the channel length.
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Figure 2.8: Relationship between (a) threshold voltage shift, (b) sub-
threshold swing and channel length of Schottky S/D MOSFETSs and con-
ventional SOI-MOSFETsS.
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Figure 2.10: (a)Device structure with gap d between the gate and the S/D
junctions. (b)Relationships between the drain current, the transconduc-
tance and the subthreshold swing and the gap.
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2.5 Conclusion

Metal Schottky source/drain (S/D) MOSFETSs were analyzed theoret-
ically. The current drivability depends on the Schottky barrier height.
The drivability of the Schottky S/D MOSFET, whose channel length is
less than 30 nm, is the same as that of a conventional MOSFET, when
the Schottky barrier height is 0.25 for p-type and 0.1-0.15 eV for n-type
devices, respectively. A low drain Schottky barrier height is necessary
for a large on/off ratio. Due to the short channel effect, the increasing
threshold voltage shift of Schottky S/D MOSFETsS is smaller than that
of conventional MOSFETs. The subthreshold swing of Schottky S/D
MOSFETs is larger than that of conventional MOSFETs. To reduce
subthreshold swing, the gate oxide must be thinned. The short channel
effect can be suppressed by thinning the gate oxide and the SOI layer.
The short channel effect can be suppressed even with a 15 nm-long chan-
nel with tox = 1 nm and tso; = 3 nm. To retain good characteristics,
the gap between the gate and the S/D must be less than 10 % of the
channel length. Schottky S/D MOSFETSs can break through the limits
of conventional MOSFETs.



Chapter 3

Schottky Source/Drain MOSFETsSs
Fabricated on SIMOX Substrate

3.1 Introduction

As mentioned in Chap. 2, the Schottky Source/Drain (S/D) MOSFET
has the potential of for operating with a very short channel structure. In
addition, the SOI structure is necessary for a large on/off current ratio
for short channel Schottky S/D MOSFETs. In previous work on upm-
long gate Schottky S/D MOSFETS, the on/off current ratio of devices
fabricated on a SIMOX substrate was 107 [80], whereas that of the bulk
devices was 103 [55].

In this chapter, the characteristics of short channel Schottky S/D MOS-
FETs with metal gates fabricated by a simple process and self aligned
silicide (salicide) process on a SIMOX substrate are shown. The large
on/off current ratio was achieved using the SOI structure even with very
short channels at room temperature. The fabrication process for 25 nm-
long metal gate devices using electron beam lithography and a salicide
process is discussed. Room temperature operation of n-type (ErSi;) and
p-type (PtSi) Schottky S/D MOSFETs was demonstrated. For the p-
type Schottky S/D MOSFETs, the drivability was comparable with that
of conventional MOSFETs.



Chapter 3. Schottky Source/Drain MOSFETs Fabricated on SIMOX Substrate 34

3.2 Schottky Source/Drain MOSFETs Fabricated by Simple
Process

In this section, the characteristics of Schottky S/D MOSFET fabricated
by simple process are discussed. The results show large on/off ratio for

very short channel Schottky S/D MOSFET using SOI structure.

3.2.1 Device Structure and Fabrication Process

Figure 3. 1 shows the device structure and the band diagram of the
Schottky S/D MOS-FET fabricated on a SIMOX substrate. The SOI
layer of the SIMOX wafer was p-type, 25 nm-thick and 30 Qcm. The
channel width was 1um. The source and drain were Au. The gate insu-
lator was 5 nm-thick SiO;. The gate was Au/Cr. Holes are injected by
gate-induced tunneling from the source through a 0.38 eV Au/Si Schottky
barrier in the "on” state, while carriers remain confined by the Schottky
barrier in the ”off” state, as shown in Fig. 3. 1(b).

The fabrication process is shown in Fig. 3. 2. The device pattern was
formed by electron beam lithography using PMMA resist. In this process,
S/D and gate were formed with metal by lift-off process. The gate oxide
was deposited by sputter without thermal oxidation. Using deposited
gate oxide film, gate oxide and isolation spacer between S/D and gate can
be formed by only one step. Therefore S/D metal can be chosen easily,
because reaction between metal and Si can be suppressed due to low
temperature process. In this study, source and drain was gold, because
gold has low Schottky barrier and ultra-fine S/D formation is easy by
evaporation and lift-off process. The gate was Au/Cr. Work function
of Cr is 4.5 eV. Flat-band voltage Vrp (= ¢cr—¢si) is estimated about
—0.4 V, because work function of Si ¢g (=xsi+Es/2e—pp) is estimated
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Figure 3.1: Device structure of Schottky S/D MOSFET fabricated by
simple process. a) Cross-section structure and b) band diagram.

about 4.9 eV from the dopant concentration of the substrate. This value
is not problematic for the operation and the flat-band voltage can be
reduced to —0.1 V using an un-doped substrate. Therefore Cr is one of
the ideal material for gate.

The detailed fabrication process steps are given as follows, where six

steps are included. Figure 3. 3 shows a SEM view of the resulting Schot-
tky S/D MOSFET.
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e Thinning of SOI layer

1. Cleaning by RCA process
2. Oxidation of SOI layer at 1100 °C 5 hour

e Formation of alignment marks for direct write lithography
1. e-beam lithography
a. Cleaning by boiling acetone at 120 °C
b. Baking dry at 120 °C 10 min.
c. 100% PMMA spin coating
1000 rpm. 1 sec. + 2000 rpm. 60 sec.
d. Pre-baking for 60 min. at 170 °C
e. Dose 800 xC/cm?
f. Development
MIBK:IPA=1:3 45 sec., IPA 15 sec.
2. e-beam evaporation
100 nm-thick Au/10 nm-thick Cr evaporation

3. Lift-off process
Boiling acetone at 120 °C

e Formation of source and drain

1. e-beam lithography

a. Cleaning by boiling acetone at 120 °C
b. Baking dry at 120 °C 10 min.
c. 1:1 PMMA spin coating

1000 rpm. 1 sec. + 2000 rpm. 60 sec.
d. Pre-baking for 60 min. at 170 °C
e. Dose 650 uC/cm?
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f. Development
MIBK:IPA=1:3 45 sec., IPA 15 sec.

2. e-beam evaporation
a. Removal of native oxide by 1 % BHF 15 sec.
b. 20 nm-thick Au evaporation

3. Lift-off process
Boiling acetone at 120 °C

¢ Deposition of gate insulator

1. Removal of native oxide by 1 % BHF 15 sec.
2. Baking for drying at 200 °C 10 min.

3. Deposition of 5 nm-thick SiO; by argon sputtering
¢ Formation of gate

1. e-beam lithography

a. Cleaning by boiling acetone at 120 °C
b. Baking dry at 120 °C 10 min.
c. 1:1 PMMA spin coating

1000 rpm. 1 sec. + 2000 rpm. 60 sec.
d. Pre-baking for 60 min. at 170 °C
e. Dose 650 uC/cm?
f. Development

MIBK:IPA=1:3 45 sec., IPA 15 sec.

2. e-beam evaporation

30 nm-thick Au/10 nm-thick Cr evaporation

3. Lift-off process
Boiling acetone at 120 °C
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¢ Deposition of isolation layer and formation of contact holes

1. Baking dry at 200 °C 10 min.
2. Deposition of 100 nm-thick SiOs by argon sputtering
3. e-beam lithography

a. Cleaning by boiling acetone at 120 °C

b. Baking dry at 120 °C 10 min.

c. 1:1 PMMA spin coating
1000 rpm. 1 sec. 4 2000 rpm. 60 sec.

d. Pre-baking for 60 min. at 170 °C
e. Dose 650 uC/cm?

f. Development

MIBK:IPA=1:3 45 sec., IPA 15 sec.
g. Post-baking for 20 min. at 120 °C
4. Formation of contact holes by wet etching using 7% BHF for 30

sec.

5. Removal of PMMA by boiling acetone
¢ Formation of external electrode pad

1. e-beam lithography

a. Cleaning by boiling acetone at 120 °C
b. Baking dry at 120 °C 10 min.
c. 100% PMMA spin coating

1000 rpm. 1 sec. + 2000 rpm. 60 sec.
d. Pre-baking for 30 min. at 170 °C

e. 100% PMMA spin coating
1000 rpm. 1 sec. 4+ 2000 rpm. 60 sec.
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f. Pre-baking for 60 min. at 170 °C
g. Dose 550 uC/cm?

f. Development
MIBK:IPA=1:1 45 sec., IPA 15 sec.

2. e-beam evaporation

300 nm-thick Au/10 nm-thick Cr evaporation

3. Lift-off process
Boiling acetone at 120 °C

3.2.2 Measured Characteristics

The current-voltage characteristics were measured using a HP-4155
parameter analyzer. Figure 3. 4 shows the drain current curves with a
common-source for 75 nm and 50 nm channel devices at room tempera-
ture. The saturation of the drain current becomes weaker with decreasing
channel length because of the effect of the drain electric field on the source
Schottky junction. At Vps =-1.0 V and Vgs =-2.0 V, the drain current
and the transconductance were ~2.9 pA/um and 5 mS/mm for a 75 nm
channel, and 7.6 uA/um and 30 mS/mm for a 50 nm channel. Although
these values are smaller than those of conventional MOS-FETSs, the drain
current can be increased using a metal with a lower Schottky barrier, such
as PtSi, [81] as mentioned in the previous chapter.

Subthreshold characteristics are shown in Fig. 3. 5. The on/off ratio
decreases with decreasing channel length. The on/off ratios of 50, 75
and 200 nm channel devices at Vpg = —-1.0 V were 750, 10 and 10°,
respectively. Rélatioﬁship between subthreshold characteristics and drain
voltage is shown in Fig. 3. 6. The on/off ratio becomes larger at low Vpgs.

The on/off ratio at Vpg = 0.5 V is 10 times larger than that at Vpg
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1. Formation of source and drain 2. Deposition of gate insulator
SiO,

>~

3. Formation of gate 4. Depositif)n of isolation layer
and opening of contact holes
Sio,

Gate

Figure 3.2: Simple fabrication process of Schottky S/D MOSFET.
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Channel length
L=50nm

Gate

Figure 3.3: SEM plane view of Schottky S/D MOSFET fabricated by

simple process.
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Figure 3.4: Drain current curves of the Schottky S/D MOS-FETSs fabri-
cated by simple process at room temperature. a) 75 nm channel device
and b) 50 nm channel device
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Figure 3.5: Subthreshold characteristics of the Schottky S/D MOS-FETs
fabricated by simple process as a function of channel length.
= ~1.0 V. The off current is determined by the drain-induced tunneling
through the source Schottky junction, and can be decreased by decreasing
the SOI thickness as the effect of drain voltage on the source Schottky
junction becomes smaller. Dependence of subthreshold characteristics on
SOI thickness is shown in Fig. 3. 7. The characteristics are for 75 nm-long
channel devices. On/off ratio for 50 nm-thick SOI device was 103. On/off
ratio becomes larger with decreasing SOI thickness. From these results,
off current is suppressed using SIMOX substrate and on/off current ratio
increases with decreasing of SOI thickness, because drain electric field
toward the source becomes weak.

Relationship between subthreshold swing and channel length is shown
in Fig. 3. 8. The subthreshold swing increases with decreasing channel

length as in a conventional MOS-FET. The subthreshold swings of 50,
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Figure 3.6: Subthreshold characteristics of the Schottky S/D MOS-FETs
fabricated by simple process as a function of drain voltage Vpgs.

75 and 200 nm channel devices at Vpg = —1.0 V were 740, 550 and 150
mV/dec, respectively. The subthreshold swing even with 200 nm-long
channel was degraded. Because interfacial trapping density between gate
oxide and SOI layer is large due to argon sputtering deposition. The
interfacial trapping density can be reduced by argon and oxygen mixed
sputtering and rapid thermal annealing [109, 110]. In addition, in this
structure, the gap between the gate and source is large, as the source and
drain were fabricated by evaporation only, without silicidation. Therefore
subthreshold characteristics can be improved by the self-aligned silicide
process of source and drain formation, as mentioned in Chap. 2, because
the gap between gate and S /D junctions can be reduced using salicide

process [55, 80, 81].
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Figure 3.7: Subthreshold characteristics of the Schottky S/D MOS-FETs
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Figure 3.8: Relation between subthreshold swing and channel length of
the Schottky S/D MOSFETSs fabricated by simple process.
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3.3 Schottky Source/Drain MOSFETSs Fabricated by Salicide
Process

3.3.1 Device Structure

In the previous section, the improvement of the on/off current ra-
tio for very short channel devices on a SIMOX substrate was described.
The drivability and subthreshold characteristics can be improved using |
salicide process, because the distance between the S/D and the gate be-
comes short and the Schottky barrier height of silicides is lower than pure
metal [100, 101]. In this section, Schottky S/D MOSFETsS fabricated by
a salicide process is discussed. The device structure of n-type and p-type
Schottky S/D MOSFETSs is shown in Fig. 3. 9. Because they have low
Schottky barrier heights, ErSis and PtSi were chosen for the n-type and
p-type S/Ds, respectively. The Schottky barrier heights of ErSi, and PtSi
are ¢p,=0.2 eV and ¢p,=0.24 eV, respectively [102]-[106].

The gate metal used was Au/Cr, which was the same material used in
the simple process. The gate oxide was 3.5 nm-thick SiOy. The SIMOX
substrates were the same as those used in the simple process. The SOI
layer thickness was 25 nm. The junction depths were 10 and 25 nm for n-
type and p-type devices, respectively. ErSio MOSFETSs were fabricated on
a bulk Si substrate for comparison with the devices on SIMOX substrate.
- The dopant concentration of the bulk substrate was the same as that of
the SIMOX substrate. The junction depth for the bulk device was 25 nm.

The isolation layer was SiO, and the external electrode was Au/Cr.
3.3.2 Fabrication Process

Figure 3. 10-12 shows the salicide process used in this work. First,

the gate oxide was grown by thermal oxidation. Then, the metal gate
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Figure 3.9: Device structure of Schottky S /D MOSFETs fabricated by a

salicide process.
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was formed by a lift-off process. A SiO, film was deposited by argon
sputtering, and then the side-wall was formed by anisotropic reactive ion
etching (RIE) in CFy. Following this the S/D metal was deposited by
e-beam evaporation and was then silicided at 400 °C in N, ambient by
rapid thermal annealing. The un-reacted metals were selectively etched
using nitric acid for Er and hot aquaregia for Pt {79, 111].

For fabrication of conventional MOSFETSs with metal gates, melting
of the gate and reaction between the gate and the gate oxide during
the process can be problematic [32, 33]. Therefore metals, which have a
high melting point, such as W and TiN are used for the gate material.
However, the choice of gate material is easy for Schottky S/D MOSFETsS,
because the maximum temperature during the fabrication process is very
low, due to the fact that no doping is required. The highest temperature
during the process depends on the silicidation temperature, which is less
than 650 °C for a conventional silicidation process. Moreover Cr is an
ideal gate material, because Cr does not react with SiOy even at 1000 °C
[112].

The accuracy of the self aligned process, which determines the distance
between the S/D and the gate, depends on the cross-sectional shape of
the gate. For the conventional MOSFET process, the gate is formed with
poly-Si using dry etching. In this work, the gate was formed by a lift-off
process. Therefore the cross-sectional shape depends on the resist shape.
To suppress deformation of the resist during evaporation, the gate was
formed with a Au/Cr multi-layered structure.

Silicides can be divided into two types. During silicidation, either the
Si diffuses into the metal or the metal diffuses into the Si. Therefore each

type of silicide has a different location of the Schottky interface [113].
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The interface between the silicide and the Si remains at the interface
between the evaporated metal and the Si for the Si-diffusion type silicide.
For the metal-diffusion type silicide, the interface sinks into the Si layer.
ErSi; is a Si-diffusion type silicide, and PtSi is a metal-diffusion type
silicide. Silicidation of the total SOI layer thickness is the ideal structure
for suppression of the short channel effect. However, it is difficult to
form using ErSiy, but is easily formed using PtSi. To sink the Schottky
interface for the ErSip MOSFETS, the SOI layer was selectively etched
using tetra-methyl-ammonium-hydroxied (TMAH) [114]. Figure 3. 13
shows a cross-sectional SEM view of an ErSi, Schottky S/D MOSFET.
The Schottky interface is located in the SOI layer. The (111) surface
appears at the interface, because TMAH etches Si anisotropically. In
addition, all of the SOI layer can not be etched to sink the interface,
because Er reacts with SiO; [115]. Therefore the S/D junction for the
ErSi; MOSFET was shallower than that for the PtSi MOSFET, because
for the etching depth was equal to the junction depth of ErSi, S/D,
whereas that of PtSi S/D was the SOI thickness. The gap between the
gate and the S/D for the ErSiy MOSFET is controlled by the side-wall
width. In this work, the gap was 3.5 nm (Lg = L, + 7 nm). Figure 3. 14
- shows a cross-sectional SEM view of a PtSi Schottky S/D MOSFET. The
SOI layer was completely silicided. In addition, the channel was the same
length as the gate.

The detailed fabrication process is given below in seven steps and is
shown in Fig. 3. 10-12. Figure 3. 15 shows a SEM plan view of the
resulting Schottky S/D MOSFET.



Chapter 3. Schottky Source/Drain MOSFETs Fabricated on SIMOX Substrate 50

e Oxidation of SOI layer for gate oxide

1. Cleaning by RCA process

2. Oxidation of SOI layer at 1100 °C for 5 hour for thinning.

3. Removal of oxide by 7 % BHF for 4 min.

4. Oxidation of SOI layer at 800 °C for 10 min. to grow 3.5 nm thick -
oxide

e Formation of alignment marks for direct write lithography

1. e-beam lithography

a. Cleaning in boiling acetone at 120 °C
b. Baking dry at 120 °C 10 min.
c. 100% PMMA spin coating

1000 rpm. 1 sec. + 2000 rpm. 60 sec.
d. Pre-baking for 60 min. at 170 °C
e. Dose 800 uC/cm?
f. Development

MIBK:IPA=1:3 45 sec., IPA 15 sec.

2. e-beam evaporation

100 nm-thick Au/15 nm-thick Cr evaporation

3. Lift-off process
Boiling acetone at 120 °C

¢ Formation of Gate

1. e-beam lithography

a. Cleaning in boiling acetone at 120 °C

b. Baking dry at 120 °C 10 min.
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c. 1:1 PMMA spin coating
1000 rpm. 1 sec. + 2000 rpm. 60 sec.

d. Pre-baking for 60 min. at 170 °C
e. Dose 650 uC/cm?
f. Development

MIBK:IPA=1:3 45 sec., IPA 15 sec.

2. e-beam evaporation
23 nm-thick Au/12 nm-thick Cr/23 nm-thick/ 12 nm-thick Cr

evaporation
3. Lift-off process
Boiling acetone at 120 °C

e Formation of side-wall

1. Baking dry at 400 °C 10 min.
2. Deposition of 15 nm-thick SiOs by argon sputtering
3. Anisotropic etching using RIE

a. CF4 1 Pa, 150 W, 35 sec.
b. O, 10 Pa, 30 W, 60 sec.

e Formation of source and drain

1. e-beam lithography

a. Cleaning in boiling acetone at 120 °C
b. Baking dry at 120 °C 10 min.
c. 1:1 PMMA spin coating

1000 rpm. 1 sec. 4+ 2000 rpm. 60 sec.
d. Pre-baking for 60 min. at 170 °C
e. Dose 650 uC/cm?
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f. Development

MIBK:IPA=1:3 45 sec., IPA 15 sec.
9 Removal of oxide by 1 % BHF for 10 sec.

3. Anisotropic etching of SOI layer for ErSis S/D
by 2.4 % TMAH at 40 °C 20 sec.

4. e-beam evaporation

95 nm-thick Er or 15 nm-thick Pt evaporation

5. Lift-off process
Boiling acetone at 120 °C

6. Silicidation by annealing in a nitrogen ambient at 400 °C

For ErSis 10 min. For PtSi 1 min.

7 Removal of un-reacted metal
For Er : HNO3:H,O = 1:5 at R.T. 15 sec.
For Pt : HCL:HNO3:H,O = 3:2:1 at 50 °C 20 sec.

¢ Deposition of isolation layer and formation of contact win-

dows

1. Baking dry at 300 °C 10 min.
9. Deposition of 80 nm-thick Si0, by argon sputtering
3. e-beam lithography

a. Cleaning in boiling acetone at 120 °C

b. Baking dry at 120 °C 10 min.

c. 1:1 PMMA spin coating
1000 rpm. 1 sec. + 2000 rpm. 60 sec.

d. Pre-baking for 60 min. at 170 °C
e. Dose 650 uC/cm?
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f. Development
MIBK:IPA=1:3 45 sec, IPA 15 sec.
g. Post-baking for 20 min. at 120 °C

4. Formation of contact windows by wet etching using 7% BHF for

30 sec.

5. Removal of PMMA in boiling acetone
e Formation of external electrode pads

1. e-beam lithography

a. Cleaning in boiling acetone at 120 °C
b. Baking dry at 120 °C 10 min.
c. 100% PMMA spin coating

1000 rpm. 1 sec. + 2000 rpm. 60 sec.
d. Pre-baking for 30 min. at 170 °C

e. 100% PMMA spin coating
1000 rpm. 1 sec. + 2000 rpm. 60 sec.
f. Pre-baking for 60 min. at 170 °C
g. Dose 550 puC/cm?
f. Development

MIBK:IPA=1:1 45 sec., IPA 15 sec.

2. e-beam evaporation

300 nm-thick Au/10 nm-thick Cr evaporation

3. Lift-off process
Boiling acetone at 120 °C
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Figure 3.10: Fabrication process with self aligned silicidation of Schottky
S/D MOSFET.
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5. Formation of sidewall

Sidewall

I

SOl
BOX 90nm

Substrate

6. Evaporation of source/drain
metal

Er or Pt

Eror Pt

SOl
BOX S0nm

Substrate

7. Silicidation

Eror Pt

Eror Pt

01
BOX 90nm  EFSi, or PtSi

Substrate

Figure 3.11: Fabrication process with self aligned silicidation of Schottky
S/D MOSFET.
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8. Removal of un-reacted metal
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9. Deposition of isolation layer and
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Figure 3.12: Fabrication process with self aligned silicidation of Schottky

S/D MOSFET.
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Figure 3.13: Cross-sectional SEM view of ErSi, Schottky S/D MOSFET.



Chapter 3. Schottky Source/Drain MOSFETSs Fabricated on SIMOX Substrate 58

Figure 3.14: Cross-sectional SEM view of PtSi Schottky S/D MOSFET.
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Gate
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Figure 3.15: SEM plane view of Schottky S/D MOSFET fabricated by
salicide process.
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3.3.3 Measured Characteristics

A. n-type ErSi; Schottky Source/Drain MOSFETSs

Figure 3. 16 shows common source drain curves of a n-type ErSi,
Schottky S/D MOSFET on bulk Si. The measurements were made at
room temperature and for various gate-source voltage Vgs. At Vpg =
Vgs = 2 V, the drain current and the transconductance of the 35 nm
device were 45 pA/pm and 20 mS/mm, respectively. The equivalent
values for 55 nm device were 37uA/pum and 15 mS/mm.

Figures 3. 17-18 show common source drain curves of an ErSi; Schottky
S/D MOSFET on a SIMOX substrate. The measurements were made at
room temperature and with various gate-source voltages Vgg. The satu-
ration of the drain current becomes weaker with decreasing gate length.
At Vpg = Vgg = 2V, the drain current was 75 gA/um and the transcon-
ductance was 9.5 mS/mm for the 25 nm device. For the 55 nm device the
drain current was 62 puA/pum and the transconductance was 11 mS/mm.
The transconductance of the SOI device was smaller than that of an
equivalent gate length bulk device.

The subthreshold characteristics are shown in Fig. 3. 19. The solid
lines show characteristics of SOI devices and dashed lines show those of
bulk devices. The on/off ratios were 6 and ~2 for a 35 nm bulk device
and a 25 nm SOI device, respectively. The drain currents for SOI devices
have a leakage component, which is independent of the gate voltage, as
shown in Fig. 3. 17-18. The leakage current flows from the bottom of the
source/channel junction to the bottom of the channel/drain junction.

Figure 3. 20 shows theoretical subthreshold characteristics of ErSis
Schottky S/D MOSFETSs together with the experimental results. The

gate length in each case was 55 nm. Comparison between theory and ex-
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Figure 3.16: Common source drain curves for various gate-source voltages
Vgs of an ErSi; Schottky S/D MOSFET on bulk Si. (a) 35 nm-long gate
device and (b) 55 nm-long gate device
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Figure 3.17: Common source drain curves for various gate-source voltages
Vgs of an ErSi; Schottky S/D MOSFET on a SIMOX substrate. (a)
25 nm-long gate device and (b) 35 nm-long gate device
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Figure 3.18: Common source drain curves for various gate-source voltages
Vgs of an ErSiy Schottky S/D MOSFET on a SIMOX substrate. (a)
55 nm-long gate device and (b) 100 nm-long gate device
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Figure 3.19: Subthreshold characteristics of Schottky S/D MOSFETSs on
a SIMOX substrate (solid lines) and bulk Si (dashed lines).
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Figure 3.20: Experimental (solid lines) and theoretical (dashed lines)
subthreshold characteristics of the ErSi, Schottky S/D MOSFETs.

periment shows that the transconductance and on/off ratio were degraded
for fabricated devices.

The degradation of the characteristics for the fabricated devices is dis-
cussed below. The poor transistor characteristics were a results of degra-
dation of the S/D Schottky junctions. Figure 3. 21 shows the current-
voltage characteristics of the ErSiy/p-Si Schottky junction in a Schottky
S/D MOSFET on bulk Si. Although the characteristics show clear rectifi-
cation, the n-factor and the on/off ratio were 3 and 100, respectively. The
decreased transconductance and on/off ratio and increased subthreshold

swing can be explained. On the basis of these values, it is hypothesized
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Figure 3.21: The current-voltage characteristics of an ErSis/Si Schottky
junction on a bulk substrate.

that there were many interface traps at the ErSiy Schottky junction and
that the high density of these traps was due to interface roughness and
metallic contamination. The roughness was a result of the etching to sink
the interface and the RIE in CF4 used to form side-walls.

Figures 3. 22 (a) and (b) show SEM images of the etched SOI surface
after etching 5 nm and 30 nm, respectively. Figure 3. 22 (a) shows the
condition of the Schottky interface of the SOI device and (b) is similar
to that of the bulk device. The rough surface was observed in the SEM.
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From these observations, the surface roughness is seen to decrease with
increasing etching depth. The deep S/D junctions explain why the bulk
device has better switching than the SOI device.

To suppress surface roughness and metallic contamination, an improve-
ment in the cleaning process before evaporation of the S/D metal is nec-
essary. CF4 RIE generates surface damage and carbon and metallic con-
tamination [116, 117]. The damaged layer and carbon contamination can
be removed by a sacrificial oxidation [118, 119]. Moreover, the metal-
lic contamination can be removed by a wet chemical cleaning process
[120, 121}. Finally, the junction interface is formed in the SOI layer by -
etching using TMAH. However, it is difficult to form the nm-deep junc-
tion due to thinning of the SOI layer in the sacrificial oxidation process.
The junction depth can be controlled by the process shown in Fig. 3. 23.
After sacrificial oxidation and removal of metallic contamination, the SOI
layer is completely etched. Then Si is evaporated. The junction depth
can be controlled by the thickness of the evaporated Si, because the junc-
tion interface is at the evaporated Si surface. Thus, the characteristics of
the n-type ErSis Schottky S/D MOSFET can be improved by changing

the S/D formation process.
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Figure 3.22: SEM views of the SOI surface after RIE. (a) after 5 nm
etching and (b) after 30 nm etching.
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Figure 3.23: New formation process of ErSis S/D junctions.
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B. p-type PtSi Schottky Source/Drain MOSFETs

Figure 3. 24 shows the common source drain curves of p-type PtSi
Schottky S/D MOSFET:s for various gate-source voltages Vgg. The char-
acteristics show room temperature operation even with a 35 nm-long gate.
The saturation of the drain current becomes weaker with decreasing gate
length. At Vpg = Vgg = -1.5 V, the drain current and the transconduc-
tance were —176 pA/pm and 390 mS/mm respectively for a 35 nm-long
channel device.

The dependence of the characteristics on the gap between the gate and
the S/D junctions for PtSi Schottky S/D MOSFETs is shown in Fig. 3. 25.
The gaps were (a) 9 nm (Lg=Lg+18 nm) and (b) zero (L¢c=L,). The gate
length was 100 nm. The drain current increases with decreasing gap, as
mentioned in the previous chapter. In addition, the turn-on drain voltage
is reduced with the gap. These experimental results show that an overlap
between the gate and the S/D is necessary for good characteristics.

Subthreshold characteristics of PtSi Schottky S/D MOSFETSs are
shown in Fig. 3. 26. The off-current increases with decreasing gate length.
At Vpg = -1.5 'V, the on/off ratios of 56 and 35 nm-long gate devices were
3x10* and 420, respectively. The large on /off ratio was achieved by sup-
pression of the leakage due to complete silicidation of the SOI layer.

A comparison between theoretical and experimental characteristics for
56 nm-long gate devices is shown in Fig. 3. 27. The experimental drain
current was larger than the theoretical value, because the cross sectional
shape of the S/D junction for the fabricated devices was different from
that assumed in the calculation. For the fabricated device, the S/D
junctions were round, as shown in Fig. 3. 14, whereas the junction in

the calculation was assumed to be straight. At positive gate biasses,
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the drain current increased with gate bias. A possible explanation is
that electrons were injected from the drain through the interfacial traps.
The roughness of the PtSi/Si junction may be small, because PtSi is a
metal-diffusion type silicide. However, interfacial traps generate metallic
contamination by RIE. Therefore the leakage current can be reduced by
a cleaning process after RIE.

The relationship between the subthreshold swing and the gate length
is shown in Fig. 3. 28. The subthreshold swing increases with decreasing
gate length. The subthreshold swings of PtSi Schottky S/D MOSFETSs
were smaller than those of devices fabricated with a simple process. The
subthreshold characteristics were improved by thermal oxidation to re-
duce interfacial trap between gate oxide and channel.

A comparison between a PtSi Schottky S/D MOSFET on a SIMOX
substrate, on bulk silicon [81] and conventional p-MOSFETSs on bulk [8]
and SOI substrates [99] is shown in Table 3. 1. For a PtSi Schottky S/D
MOSFET fabricated on a SIMOX substrate, a transconductance com-
parable with conventional MOSFETSs was achieved, although the drain
current was slightly smaller. In addition, the on/off ratio was made larger
by using a very thin SOI structure. The characteristics can be further

improved by thinning the SOI layer, as mentioned in Chap. 2.
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Figure 3.24: Common source drain curves of PtSi Schottky S/D MOS-
FETs with the gate-source voltage Vs as a parameter. (a) 35 nm and
(b) 56 nm-long gate device.
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Table 3.1: Comparison between this work and
Schottky S/D MOSFETs and

previous work for p-type
conventional MOSFETs

, Bulk PtSi p-MOSFET
This Work Schottky SD [~ SOl
(tsy=25nm) MOSFET ulk (te=10nm)
Channel Length 56 35 40 38 35
Lc [nm] (tox=3.5nm) | (t,x=3.5nm) (tox=3.4nm) (tox=2.8nm) (tox=3.00m)
Drain Current 60 70 100 260 300
Iy [FA/Hm]
Transconductance 220 216 240 300
g.. [mS/mm]
on/off ratio 3x 10| 420 31 71
V= 13V) | (Vis=-175V) | (Vo= 18V)
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3.4 Conclusion

Room temperature operation of very short channel Schottky
source/drain (S/D) MOSFETs fabricated on a SIMOX substrate was
demonstrated. Improvement of the on/off ratio was achieved using a
very thin SOI structure. 25 nm-long metal gate devices were fabricated _
by electron-beam lithography with PMMA resist and a salicide process.
For the S/D material, ErSi, and PtSi were used for n-type and p-type
devices, respectively. For 25 nm-long gate n-type ErSi, Schottky S/D
MOSFETs, the drain current was 75 pA/um and the transconductance
was 9.5 mS/mm at Vps = Vgg = 2 V. For 35 nm-long gate p-type PtSi
Schottky S/D MOSFETS, the drain current was —176 pA/um and the
transconductance was 390 mS/mm at Vpg = Vgg = -1.5 V. For the PtSi
Schottky S/D MOSFET, comparable drivability to conventional MOS-
FETs was achieved. The on/off ratio was improved by using a very thin
SOI structure. The characteristics can be further improved by a cleaning

process before formation of the S/D and thinning of the SOI layer.



Chapter 4

Proposal and Analysis of Vertical
Tunneling Field Effect Transistor

4,1 Introduction

Tunneling field effect transistor is very attractive device for nm-size
device. Because the device is composed by metal source, drain and gate,
and the device current is tunneling current, as described in Chap. 1.
Vertical tunneling field effect transistor (VIFET) is composed by nm-
thick multi-layered heterostructures. The drain current is determined
by tunneling barrier height and thickness, because the drain current is
tunneling current through the tunneling barrier. Therefore very flat nm-
thick multi-layers are necessary for realization of VIFET. The crystal
growth technique can be realized the required structure. However, the
crystal growth has the limit of grown material, which depends on the sub-
“strate. In previous works, 25 nm-long channel VTFET with AlSb/InAs
heterostructures on GaAs substrate has been demonstrated [62]. In addi-
tion, the VIFET on Si substrate was fabricated using very thin thermal
oxide for tunneling barrier without crystal growth [60]. Although the
tunneling barrier and gate insulator were formed with same material at
these VIFET, the different materials for tunneling barrier and gate in-

sulator are necessary for large driving current and good gate insulation.
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The tunneling barrier must be low enough to allow large tunneling cur-
rent densities and high transconductance, while the barrier of the gate
insulator must be high enough to suppress leakage current.

In view of these requirements, l.e., appropriate barrier heights and
metal-semiconductor-insulator heterostructures, we proposed a new ver-
tical tunneling field effect transistor (VTFET) with lattice-matched -
CoSiz/Si/CdF5/CaF; heterostructures on a Si substrate with a very short
channel. In this device, CoSiy, Si, CdF; and CaF, are used as the elec-
trode, tunneling barrier, channel and gate insulator, respectively, and sat-
isfy the requirements mentioned above. CoSiz, CdF; and CaF5 have a flu-
orite lattice structure that is nearly lattice-matched to Si with mismatches
at room temperature of —1.2, —0.8 and +0.6 %, respectively. Epitaxial
growth of CoSiy/CaF,, CoSi, /Si and CdFs/CaF; heterostructures on Sj
has been developed [64]-[68]. In addition, these heterostructures may
also be used for novel field effect quantum devices on silicon [69].

In this chapter, the theoretical characteristics of VTFETsS are described
and are discussed the dependence of the subthreshold characteristics,
transconductance and response time which depend on the structural dif-
ferences of devices. From these results, potential of VIFET in nm-size
region is compared with that of conventional MOSFETs. In addition,
influence of carrier scattering in the channel and application to quantum

device are discussed.
4.2 Device Structure and Principle of Operation

The structure of the proposed VTFET and its band diagram are shown
in Fig. 4. 1. In device operation, electrons are injected from the source

(CoSiz) into the channel (CdF,) through the Si tunnel barrier. The tun-
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neling probability of electrons through the source barrier is controlled
by the gate-source voltage which changes the voltage across the barrier.
The tunneling electrons are then transported laterally along the channel
toward the drain. Finally, electrons flow over the drain barrier (Si) to
the drain (CoSiy).

As shown in Fig. 4. 1(b), the conduction band discontinuities [122], -
[123] are AEc=13.6 eV for CoSiy/ Si, 0.6 eV for CdFy/ Si and 2.9 eV for
CdF3/ CaF,. The Fermi level of CoSi, is at 13.0 eV [124], [125], which
is almost the same as the conduction band edge of CdF,. Because of the
low barrier, the tunneling current is large in the CoSiy/Si/CdF, structure,
resulting in a large transconductance. Moreover, good gate insulation can
be achieved with the high barrier of the CdF,/CaFy/CoSi, structure.

The current-voltage characteristics of VITFETSs are similar to those of
conventional MOSFETS, in which the drain current saturates at high
drain-source voltages Vpg region. In conventional MOSFETS, the drain
current is determined by the channel resistance, while in the present VT-
FET, the drain current is determined mainly by the transmission proba-
bility through the source and drain barriers. This depends on the electric
field at the tunnel barriers. The VIFET is insulated gate hot electron
transistor [126]-[128]. The tunneling spectrum as a function of gate-
source voltage is shown in Fig. 4. 2.

The device resistance is dominated by the tunneling resistance of the
barriers, which is much larger than the channel resistance in very short
channel structures. In this device, the drain current is almost independent
of Vps under appropriate bias conditions, for the following two reasons.
First, the transmission coefficient of the drain barrier is nearly indepen-

dent of Vpg, because the energy of the electrons is much higher than the
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drain barrier at a high Vpg. Secondly, the electric field at the source bar-
rier is almost independent of Vps. Figure 4. 3 shows this situation with
examples of the potential distribution, calculated using a finite element
method. In the calculation, the channel length L¢ defined as the distance
from the right edge of the source to the left edge of the drain is 20 nm,
the gate length Ly is 20 nm, the gate insulator thickness is 3 nm, the -
channel thickness is 5 nm, the tunnel barrier thickness is 1 nm, and the
source and drain lengths are 20 nm. The gate-source voltage Vgg is 3.0 V
and the drain-source voltage Vpg is 0.3 V (dotted lines) and 3.0 V (solid
lines). The potential distribution in the region between the drain and
the gate (channel and drain tunnel barrier) is very different for the dif-
ferent values of Vpg, while between the source and the gate the potential
difference is independent of Vps. As a result, the tunneling probability
of electrons through the source barrier depends mainly on Vas, and the
characteristics, in saturation, can be expected. One advantage of the
VTFET is that a very short channel is possible in principle, because the
drain current depends mainly on the tunneling resistance of the barrier
and is almost independent of channel resistance.

This VTFET is n-type FET due to operation by electron tunneling. A
p-type (hole tunneling) device has been proposed [61]. Complementary

circuit can be realized using these VIFETs.
4.3 Calculation Model without Scattering

The device characteristics were analyzed as follows. First, the potential
distribution in the device under the application of drain-source and gate-
source voltages ( Vpgs and Vig) was calculated by a finite element method.

SiO; is assumed for the outer material surrounding the device. Then, the
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Figure 4.3: Potential distribution in the VIFET at Vgs = 3.0 V and
Vps = 0.3 V (dotted lines) and 3.0 V (solid lines) obtained by a finite
element method.

transmission coefficient of an electron from source to drain at a given
energy was calculated using the above potential distribution. Finally,
the device current is calculated using the transmission coefficient and the
electron energy distribution.

In the analysis, the following assumptions were made. Since a wide-
gap material without doping is used for the channel, the carrier density
in the channel without applied voltages is very small. Under an applied

voltage, carriers are not generated in the channel but are injected from
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the source through the barrier. The initial doping density and carrier
density do not affect the analysis as long as these are much smaller than
the injected carriers. Therefore, in calculating the potential distribution
in the device, we have assumed that the carriers in the channel are only
those injected from the source.

Since a channel length of a few tens of nanometers is discussed, carrier
scattering in the channel region is neglected in this calculation. The
characteristics of the VIFET can be degraded by carrier scattering. The
transit velocity of electrons decreases by the scattering and the carrier
density in the channel increases. Therefore the influence of the gate
voltage on the electric field at the source barrier becomes weak. As a
result, the transconductance decreases and the cut-off frequency of the
device is degraded by the carrier scattering in the channel. The details
are described later.

The transmission coefficient from the source to the drain is determined
by the bent waveguide composed of source barrier, channel and drain
barrier. However, electron wave resonance between the source and drain
barriers, which is the same phenomenon as in the double-barrier reso-
nant tunneling diode, is neglected in this calculation. By neglecting the
resonance, the transmission coefficient from source to drain is given by
the product of the transmission coefficient at the source T; and that at
drain T5. This is the simplest case with only one-reflection at each tunnel
barrier without multi-reflections between source and drain. Neglecting
the resonance is a good approximation in the present device when the
drain-source voltage Vpgs is high, so that 75 ~ 1 and the drain current
is in the saturation region. If Vpg is low and 75 is well below unity, the

transmission coefficient is modulated by the resonance. However, this
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modulation is effectively smoothed out due to the energy distribution of
electrons tunneling through from the source at the room temperature. A
two-dimensional analysis [129] shows that the transmission coefficient in
a bent (L-shaped) waveguide without the tunneling barrier is slightly less
than unity and has dips due to resonance. This effect is also smoothed
out in the present device due to the electron energy distribution.

Ty and T3 are given by the tunneling probability at the source and
drain barriers, respectively. These are determined by the electron energy
along the z direction, because electrons are assumed to transport towards
the drain after reflection at the channel/gate interface and the side of the
device. The transmission coefficient 77 at the source barrier was calcu-
lated using the following equation with the effective mass approximation

[130]:
_n
2m* 022

where E; is the electron energy along the z direction (Fig. 4. 4(a)) and

+[V(2) — E,J¢ =0, (4.1)

m* is the effective mass. The potential distribution V(2) is calculated
by a finite element method, taking into accounting the carrier density
nc in the channel. The value of the n¢ calculated in the analysis is fed
back into the finite element calculation until the solutions become self
consistent. The channel is divided into piecewise-linear potentials, shown

schematically in Fig. 4. 4(b). A solution of the Eq. (4. 1) in the region 4
(zi_ls.ZSZi), ’le(z) iS,

i = Ci ¢ (2) + C7 45 (2), (4.2)

where C;™ and C;~ are constants. When the potential in the region 1 is

constant, i.e., V;_.1=V;, ¢;* and ¢;~ are represented as

¢7 (2) = exp(jkiz)
{ ¢; (2) = exp(—jkiz), (4.3)
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with

L — \/Qm;(Ez - 1/1)
T h )
where m;* is the effective mass in the region. When V,_1#V;, ¢,* and
¢:~ are described using the Airy functions 4; and B; [131],

¢ (2) = Ai(s)
{¢ﬂd=£ﬂ@, (4.5)

k

(4.4)

with

s=ri(z+a;),

(Vi — Vi 2m;‘>1/3

T = . 5 ,
2, — Ziq I}

Zi — Zj-1

a4 = —«—
Vi—Via

For the boundary conditions at the interface %, we assume that the wave

(Vi—E,). (4.6)

function (envelope function) and its first derivative divided by the effec-

tive mass are continuous [132], [133],
Vi (2i) = i1 (2),
Vi (z) /i = iy (2) /miyy, (4.7)

This assumption ensures the continuity of the probability current. Using
Egs. (4. 2)-(4. 7), we have

M) (G ) = e (Go1),

i+1
i=1,2,---,N-1 (4.8)
where .\
_{ 9i(2) o7 (2)
i) = 5 imt ) 9

At the left and right sides of the potential (2 < z and z > zy, respec-
tively),
%o = exp (jkoz) + Cres exp (—jkoz2), (4.10)
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¢N+1 - Ctans €Xp (jk’N+12) ) (411)

where Cpes and Cians are the reflection and transmission amplitudes.
Y41 is assumed to be the wavefunction in the CdFs with constant po-
tential V(2) = V,. Using the boundary conditions Eq. (4. 7) at z = z

and zy, we obtain

Crans 1 |
( tO ) — KnKn_1-- Ko ( O ) (4.12)

where
K; = Mg () Mi(z), (4.13)
The transmission coefficient 73 is given by

kn+1
ko

The transmission coefficient Ty at the drain barrier is obtained with

Tl = C;ransCtT'anS ' (4'14)

the barrier shape approximated by a rectangular potential, as shown in
Fig. 4. 4 (a), and variation of T; along the z direction is not taken into
account. Because the potential variation along the = and z directions in
the drain barrier is negligible at low Vpg and T3 =~ 1 at high Vpg as shown
in Fig. 4. 3. The value at the right edge of the drain is used for T5.

As discussed above, the transmission coefficient T’ from source to drain
is given approximately by

T=TT. (4.15)

The tunneling current density Jy(z) from the source electrode is given
by [134]

em*kgl [oo
h(@) = S [, T@)

% In ( 1+ exp[(Ef — Ez)/kge]
1 + exp[(Ef — EZ — GVDs)/kBH]

)dEZ)
(4.16)



Chapter 4. Proposal and Analysis of Vertical Tunneling Field Effect Transistor 89

(a) A

D

o]
0
L

Source / Drain
Source Tunnel Barrier Drain Tunnel Barrier
Source Region Drain Region

(b) ]

a
\Vm V,
electron energy E, ~— >
Vi
Source T T~.. Y,
0 n
— "—
» Z
ZO Zi-1 Zl Zi+1 Zn
interval
0 I 1+1 N N+1
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where e is the electron charge, kg is Bolzmann’s constant, E is the Fermi
energy of the source electrode, and 6 is the absolute temperature.
Finally, the drain current Ip is obtained from the integral of the current
density Jy(z) over the length of the source electrode Lg, as shown in
Fig. 4. 4(a).
Ip= [ J(z)de, (4.17)

The carrier density ng in the channel is determined by Ip and af-
fects the potential distribution in the device. This effect is considered
by feeding-back the value of the carrier density n¢ into the potential
distribution calculation.

The carrier density n¢ is given by

eWe(ve)’

where We is the channel thickness as shown in Fig. 4. 4(a) and (v¢) is the

nc (4.18)

average velocity in the channel towards the drain along the z direction.
The energy of electrons in the channel along the z direction is approxi-
mately given by half of the difference between Fermi energy in the source

and energy of tunneling electron along the z direction. (v¢) is given by

Ef - <Ez>

m*

, (4.19)

(ve) = \

where (E,) is the average energy in the z direction of tunneling electrons
from the source, which corresponds to the peak energy of the transmission
coefficient 7. In this model, it is assumed that carriers are distributed in
the channel with constant velocity and the current is carried only by
carriers from the source to the drain. Although the distributions of the
carrier density and velocity in the channel are modulated by the electric
field, the electric field at the source barrier is almost independent of the

field. Moreover, although channel carriers from the drain to the source
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should also be considered in a more precise calculation, these carriers do
not have a significant effect on the drain current, because they appear
only at low Vpg, where the drain current is small and the transmission
probability is low. We compared results with and without distribution of
the density and velocity and with and without drain to source carriers.
The difference in the drain current with and without the above points -
is less than 5 %. Therefore, in this calculation, it is assumed that the
carrier density and velocity in the channel are uniform and are given by

Egs. (4. 18) and (4. 19).

4.4 Device Characteristics

4.4.1 Drain Current Curves

Figure 4. 5 shows common-source characteristics calculated at 300K for
various values of Vgg. The channel length L defined as the distance from
the right edge of the source to the left edge of the drain, is 5 nm in one
case and 20 nm in another. The gate length is equal to the channel length.
The gate insulator thickness is 3 nm, the channel thickness is 5 nm, and
the tunnel barrier thickness is 1 nm. The gate electrode is located at
the center of the device. The effective masses of the materials used are
m*Cosi, = Mo, M'car, = 0.16mg [135] and m*s; = 0.26my. The effective
mass of Si was estimated from that at the bottom of the conduction
band in the (111) direction, assuming a Si(111) substrate [67], [64], [68];
ie., 1/m*'ss= (2/m+1/my)/3 with m; = 0.19mg and m; = 0.98my. In
the characteristics for the 20-nm-long channel (dashed lines), the drain
current clearly saturates in a way similar to conventional MOSFETs, as
expected from Fig. 4. 3. Characteristics for the 5-nm-long channel (solid

lines) are also similar to those of MOSFETS, although the saturation is
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Figure 4.5: Calculated common-source characteristics as a function of
gate voltage Vgg. Results are shown for channel lengths Lc of 20 nm
(dashed lines) and 5 nm (solid lines).

weak due to the large influence of the drain electric field on tunneling at
the source barrier. Figure 4. 6 shows characteristics for gate lengths L,
of 5 nm (dashed lines) and 15 nm (solid lines) with a 5-nm-long channel.
The tunneling current increases with gate length, because the electric
field at the source barrier becomes stronger.

| Tunneling leakage current from the source to the gate is negligibly
small in this structure. The direct tunneling current from the source to
the gate is 1.4 x 107 A/pm under applied voltages of Vgg = 3.0 V and
Vbs = 3.0 Vin a VIFET with Lc = 5 nm and Ly = 45 nm.
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Figure 4.6: Calculated common-source characteristics as a function of
gate voltage Vgs. Results are shown for gate length L, of 5 nm (dashed
lines) and 15 nm (solid lines).

4.4.2 Subthreshold Characteristics

The subthreshold characteristics as a function of gate length L, are
shown in Fig. 4. 7. The layer thicknesses are assumed to be same as those
in Fig. 4. 5, and channel length was 5 nm. The off current decreases with
increasing gate length. The subthreshold characteristics of VIFET are
almost independent from the channel length and depend strongly on the
gate length, because the drain current in the VTFET is determined by
the electric field at the source barrier.

The relationship between threshold voltage, subthreshold swing and
the gate length is shown in Fig. 4. 8. The device structure is assumed to

be same as that in Fig. 4. 7. The threshold voltage is defined as the gate
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Figure 4.7: Subthreshold characteristics as a function of gate length L.
Results are shown for channel length L¢ of 5 nm.

voltage corresponding to Ips=Ionx107% (I,n=Ips at Vgs=3 V). With
decreasing gate length, the threshold voltage decreases and subthreshold
swing increases. These degradation by short channel effect is the same
as conventional MOSFETSs. The characteristics degrade rapidly at the
gate length less than 45 nm, which corresponds to the device length from
the source left edge to the drain left edge.

The subthreshold characteristics as a function of channel length are
shown in Fig. 4. 9. The layer structure is assumed to be same as that

in Fig. 4. 7. The gate length is assumed to be Ly=Lc+40 nm, which
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corresponds to the device length from the source left edge to the drain
left edge.

At gate length less than 10 nm, the characteristics are degraded.
The relationship between threshold voltage shift, subthreshold swing and
channel length is shown in Fig. 4. 10. To compare between conventional
SOI-MOSFET [99], Schottky source/drain MOSFET and VTFET, the
characteristics of these devices are drown in the same figure. The values
for the conventional and Schottky source/drain MOSFETs are same as
in Chap. 2. The characteristics of VIFET are not degraded even with
10 nm-long channel, although the SOI-MOSFET are degraded rapidly
with decreasing channel length. The subthreshold swing of VIFET with
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long channel is 120 mV/dec, which is larger than that of SOI-MOSFET,
because the gate voltage controls tunneling barrier across the channel
and gate insulator. Therefore the gate control efficiency of the VIFET is
smaller than that of conventional SOI-MOSFET. However, the VITFET
keeps subthreshold characteristics even with 10 nm-long channel, because
the electric field at the source barrier is almost independent from the drain

voltage.
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4.4.3 Response Time

The charging time 7, is given by

. ol
"= L= (Cpt o)/ (WGS-) , (4.20)

where the gate capacitance Cg, which is the sum of the gate-source capac-
itance Cys and the gate-drain capacitance Cya, and g, is the transcon- -
ductance. The gate capacitance was calculated from the relationship
between the charge distribution and the applied voltage using a finite
element method. In this calculation, the influence of channel carriers is
negligible due to low channe] carrier density. The transconductance was
estimated from the static characteristics discussed in the previous sec-
tion. Hereafter we assume that the applied voltages for the analysis of
the response time are Ves = 3.0 Vand Vbs = 3.0 V, located at the saty-
ration region. These applied voltages are almost the same as the present
LSI case. Reduction of applied voltage with scaling down is not discussed
here.

Figure 4. 11 shows the relationship between charging time and channel
length, assuming Lo = L,. The transconductance g, slightly decreases
with the channel length, because the electric field at the tunneling barrier
produced by the gate-source voltage becomes small. However, the charg-
ing time decreases with channel length, because the gate capacitance
decreases more rapidly than the transconductance.

The transit time in VIFETs is comprised of the channe] transit time
and the tunneling times through the source and drajn barriers, neglect-
ing resonance between source and drain. In the present devices, the size
is such that the tunneling times can be neglected, because these are es-
timated to be less than 1015 gec [137] and are much shorter thap the

channel transit time and charging time. The transit time 7. is approx-
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imated by 7,=Lp/(vc), where Lp is the distance between the center of
the source and the center of the drain, as shown in Fig. 4. 4(a), and (vc)
is given by Eq. (4. 19).

The response time 7z and the cut-off frequency f; are related to the
sum of the transit time 7. and the charging time 7, by

1 1

L _ 421)
2ntr 27 (1.4 71) (4.21)

Ji

The relation between charging time, transit time, cut-off frequency and
gate length is shown in Fig. 4. 12. The transit time decreases with chan-
nel length, and for very short channels the transit time is much smaller
than the charging time. The cut-off frequency increases with decreasing
channel length due to the decrease in the charging time and transit time.
The drain current and the transconductance increase with gate length
as shown in Fig. 4. 6, because influence of gate voltage on the electric
field at the source barrier increases. However, gate capacitance increases
with gate length. Therefore the charging time and cut-off frequency are
almost independent of gate length. The charging time 7. and the transit
time 7 are 0.29 ps and 0.08 ps, respectively, for the 20-nm-long channel
and gate. From these results, the response time without delay time from

wires 1s 0.37 ps, and the cut-off frequency is 430 GHz.
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4.5 Influence of Scattering in the Channel

In the previous section, carrier scattering in the channel region was
neglected. However, when carrier scattering is considered, ballistic elec-
trons and scattered electrons are found to exist in the channel. The tran-
sit velocity of electrons decreases and the channel transit time increases,
because the scattered electrons have lost their kinetic energies. Moreover,
the carrier density in the channel increases due to the decrease in transit
velocity. Therefore, the influence of the gate voltage on the electric field
at the source barrier becomes weak. As a result, the transconductance
decreases and the charging time of the device increases. The cut-off fre-
quency of the device is degraded by carrier scattering in the channel due
to the increased transit and charging times. In this section, analysis of

influence of carrier scattering in the channel is discussed.
4.5.1 Calculation Model

The drain current was analyzed in the following way. First, the poten-
tial distribution in the device under the application of drain-source and
gate-source voltages was calculated by a finite element method. Then,
the transmission coefficient of an electron from source to drain at a given
energy was calculated using the potential distribution. The drain cur-
rent was calculated using the transmission coefficient by considering the
electron energy distribution. The details of calculation of tunneling cur-
rent are described in the previous section. The channel carrier density
affects the potential distribution and the drain current. The channel car-
rier density is determined by the drain current. In addition, the channel
carrier density increases with the scattering probability of electrons in

the channel, because the velocity of the scattered electrons decreases.
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Therefore, the drain current is recalculated to be self-consistent with the
carrier density, the scattering probability and the potential distribution.

The calculation model is shown in Fig. 4. 13. In this model, the elec-
trons tunneling from the source to the channel are scattered in the channel
with a constant probability o and the scattered electrons are transported
towards the drain to produce a drift current. In this model, we consider:
a) the current from all electrons tunneling from the source to the channel
Itp, b) the ballistic current from the source to the drain Igp, c¢) the cur-
rent by scattered electrons Itg, d) the current to the source by electrons
reflected at the drain barrier without scattering Irg, and e) the current
by electrons reflected by scattering Igs.

These currents are described using the tunneling current Jrp and the

scattering probability a,
IBD = (1 — a)TQITD
Its = altp
IRB = (1 - a)2(1 — TQ)ITD
IRS = Of(l - a)(l - TQ)ITD,

where T is the electron tunneling probability without scattering at the

(4.22)

drain barrier.

In the calculation of Ty, it is assumed that the electron energy in the
z-direction at the drain barrier increases by eVpg due to the drain-source
- voltage, because channel carriers are injected toward the drain along the
z-direction, as shown in Fig. 4. 13(a). This approximate electron energy
is almost the same as the electron energy towards the drain from the
channel after reflection at the channel/gate insulator interface and at the
side of the device. Reflection of Izg at the source barrier is neglected,
assuming [rp is small. This is a good approximation, because as we will
show later To~1 in the saturation region. The drain current Iy is given

by the sum of the ballistic current Igp and the drift current by scattered
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electrons Isp (=Irs+Igrs).

Ip = Igp + Isp = Ipp + Its + Igs. (4.23)

The calculation process of the drain current is as follows and is shown in
Fig. 4. 14. First, the scattering probability a and the carrier density in the
channel nc are assumed to be constants. Then the potential distribution
in the device under application of drain-source and gate-source voltages
(Vps and Vgg) is calculated. The tunneling current Itp is calculated
using the potential distribution, and the ballistic current Igp is given by
eq. (4. 22). The carrier density in the channel with ballistic motion ng is
given by

Isp

= 4.24
np evR WC 3 ( )

where W is the channel thickness and vp is the average velocity of ballis-
tic electrons in the channel towards the drain in the x-direction, as shown

in Fig. 4. 13. v is approximately given by

vg = \l&m—w—) (4.25)

where E; is the Fermi energy of the source electrode and (E,) is the
average energy in the z-direction of electrons tunneling from the source.
This corresponds to the peak energy of the transmission coefficient.

The drift current from scattered electrons Ip is described using the
scattered electron density nc-ng, the carrier velocity in the channel URC,

and the transmission probability from the channel to the drain T,

Isp = e(nc — ne)WevreTas(fs — fp), (4.26)

where it is assumed that upc is the Fermi velocity in the channel and Thg

is the drain barrier tunneling probability of electrons at the Fermi level in
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the channel. f and fp are the Fermi distribution functions at the source

and the drain, respectively. vpc is given by

2kgd -
vrG = J 5 n (”CNC”B), (4.27)
where .
2rm*kgf\ 2

Here kp is Boltzmann’s constant and 4 is the absolute temperature. Self-
consistency is maintained in the calculation of the drain current by feeding
back the value of the carrier density n¢ into the potential calculation, in
which nc is changed according to Ip in Eq. (4. 26) and the sum of Irg
and Igs is given by Eq. (4. 22).

In this model, it is assumed that carriers are distributed uniformly in
the channel with constant velocity. Although the distributions of the
carrier density and the velocity in the channel are modulated by the
electric field, the electric field at the source barrier is almost constant.
Therefore, the influence of the electric field in the channel along the x-
(direction can be neglected in the calculation of the drain current. We
compared the results with and without the distributions of the density
and the velocity of channel carriers, which are considered with an electric
field in the channel along the x-direction. As a result, the difference in the
drain currents with and without these distributions taken into account
is less than 3 %. Therefore, in this calculation, it is assumed that the

carrier density and the velocity in the channel are uniform and are given
by Eqgs. (4. 24), (4. 25) and (4. 27).

4.5.2 Calculation Results

The resulting characteristics, in which scattering in the channel was

considered, are shown in Fig. 4. 15. Here, the channel length is 5 nm,
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Figure 4.14: Self-consistent calculation process of the drain current.
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the gate length is 5 nm, the gate insulator thickness is 8 nm, the channel
thickness is 5 nm, the tunneling barrier thickness is 1 nm and the source
and drain electrode lengths are each 20 nm. The effective masses of the
materials are described in the previous section.

Figure 4. 15(a) shows the common-source characteristic for different
values of a, the scattering probability of electrons in the channel. The
gate-source voltage Vggs is 3.0 V. The drain current decreases with in-
creasing scattering probability at high Vps. At o = 1, the drain cur-
rent saturates at low Vpg compared to the characteristic at o = 0. The
ballistic current Igp saturates at Vpg~2 V, because T5, the tunneling
probability of ballistic electrons at the drain barrier, becomes ~1 due
to the increased energy from Vpg. The drift current Ip saturates at a
lower Vps compared to the ballistic current, because the drift current is
determined by the difference in the Fermi distribution between the source
and the drain as shown in Eq. (4. 26). However, Tyg is determined by
the Fermi energy in the channel, which depends on the scattered electron
density in the channel and is almost independent of Vpg. At high «, the
drain current increases rapidly at low Vpgs due to the increase in Ip. At
low Vps, ballistic electrons return to the source, because the electrons
are reflected at the drain barrier due to low energy. Therefore, the drain
current is small at low o. However, at high a, reflected electrons at the
drain barrier become the drain current due to the scattering. Although
the tunneling probability of scattered electrons is lower than that of bal-
listic electrons, scattered electron density is much higher than ballistic
electron density. Therefore, the drain current increases with o at low
Vbs-

Figure 4. 15(b) shows the relationship between the carrier density in
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the channel nc, the drain current Ip, the transconductance Jm and the
scattering probability a at Vog = Vpg = 3 V. ng increases and Iy and
gm decrease with increasing a. At o = 1, n¢ is three times larger than
and Ip and gy are half of the values without scattering. In the VTFET,
the drain current decreases with increasing carrier density in the channel,
because the drain current is independent of the channel conductance.

The charging time, transit time and cut-off frequency were estimated
by the method in the previous section. The relationship between charging
time, transit time, cut-off frequency and scattering probability is shown
in Fig. 4. 16. The device structure is assumed to be the same as that in
Fig. 4. 15. The charging time increases with scattering probability due
to the decrease in transconductance. The transit time likewise increases
with increasing scattering probability due to the decrease in electron ve-
locity. As a result, the cut-off frequency is reduced by a factor of two
compared to the value without scattering.

Figure 4. 17 shows the relationship between response time, cut-off fre-
quency and channel length for different scattering probabilities, assuming
Lc = Ls. At a = 0, the cut-off frequency is determined almost solely
by the charging time. At o = 1, the transit time becomes larger than
the charging time at Lc > 40 nm, because the electron velocity in the
channel is decreased by scattering. For long channel structures, the re-
sponse characteristics are greatly influenced by scattering. For Lg = 5
and 100 nm, the cut-off frequency is one-half and one-third of the values

without scattering, respectively.
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4.6 Application to Quantum Effect Device

VTFET is composed with nm-thick multi-layered structure. By ac-
cording to multi quantum well structure, VIFET is applicable to the
quantum effect device. For example, the injection of electrons from the
source to the channel becomes resonant tunneling at the multi quantum _
well channel structure [39]. In addition, electron waveguide device can be
realized at nm-long channel device, because carriers are not almost scat-
tered in the very short channel. Severa] electron waveguide devices have
been proposed and demonstrated [138]-[147]. VTFET can be according
to the quantum interference device by attaching the other gate [69]. Fig-
ure 4. 18 shows the device structure of quantum interference device. This
device is composed with VTFET and control gate region. At control gate.
region, the quantum interference of electrons in the double quantum well
occurs [138, 139]. By this interference, the transmission probability of
electrons in the channel toward the drain is modulated. The drain cur-
rent is controlled by the control gate voltage, because control gate voltage
modulates the interference during the double quantum well region. The
calculation results of this device are shown in Fig. 4. 19. The control gate
voltage is assumed to be same as drain voltage. The characteristics show
transistor action with NDR. Using this device, bi-stable condition can be
realized. and device number in the circuit is decreased, as described in

Chap. 1 [43, 44, 36].
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4.7 Conclusion

Very short channel vertical tunneling field effect transistor (VIFET)
using new heterostructures (CoSiy/Si/CdF2/CaF5) on a Si substrate were
proposed and analyzed. This VTFET may be very attractive for highly
integrated circuits, because it has characteristics similar to those of con- .
ventional MOSFETSs even with channel lengths of 5 nm. The subthresh-
old characteristics for VIFET with very short channel was discussed.
At the VIFET, degradation by short channel effect is weaker than con-
ventional SOI-MOSFET. The short channel effect can be suppressed even
with 10 nm. We have estimated the theoretical response time and showed
that this device has the possibility of subpicosecond response. The in-
fluence of carrier scattering in the channel was estimated. When all the
tunneling electrons are scattered in the channel, the cut-off frequency for
a 9-nm-long channel is reduced by a factor of two compared to the value
without scattering. Also, this device has the potential for applications in
novel field effect Si-based quantum devices, such as resonant tunneling

and interference devices with CdF,/ Si multiquantum well structures.



Chapter 5

Fabrication of Field Effect
Transistor with New
Heterostructure System

5.1 Introduction

Proposal and analysis of VIFET with new heterostructures on Si
substrate were described in Chap. 4. Analytical results show that VT-
FET has potential of the operation with nm-size structure. Epitax-
ial growth of CoSiz/CaFy, CoSiy/Si and CdFy/CaFy heterostructures
on Si has been developed [64]-[68], while VIFET is composed with
CoSiy/Si/CdFy/CaFy heterostructures. In addition, the device applica-
tions of CoSiy/Si and CoSi, /CaFy heterostructures have been reported
[48, 49, 148]. Recently, room temperature operation of resonant tun-
neling diodes using a CdF;/CaF, superlattice grown on Si was reported
[46, 149]. CdF; has been investigated as a new electrical and optical mate-
rial, because doped CdF; has conductivity and visible luminescence [150]-
[154]. However, there is no report on the planar device with CdF,/CaFy
heterostructure.

In this chapter, electrical characteristics of field effect transistors
(FETs) using CdF, / CaFy heterostructures on a Si fabricated using elec-

tron beam lithography and low temperature process are described. The
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operation principle of this FET is that the channel carriers from the
source are controlled by the gate voltage, which is similar to that of
conventional MOSFETs. This FET is a fundamental structure of the
proposed VIFET, and is composed of the same materials as the VTFET

except for the Si tunneling barrier layer.
5.2 Device Structure

The device structure of the FET and its band diagram are shown in
Fig. 5. 1 [123]. A highly doped n-type (Np~1x10% cm™3) Si substrate is
used for the gate. The gate insulator is a 5 nm-thick layer of Cal’s, the
channel is a 5 nm-thick layer of CdF, and the source and drain are Au/Cr.
The channel length L¢ is 100 nm, and the channel width We is 220 pm.
In operation, electrons are injected from the source to the channel by
the gate voltage, and then flow towards the drain under the influence
of the drain voltage. Figure 5. 2 shows theoretical characteristics with
common-source. These were calculated using a model for conventional
MOSFET. In this calculation, electron mobility in CdF,; was assumed to
be 10 cm?V~1s! [150] and influence of Schottky contact was neglected.
The threshold voltage was assumed to be 2.1 V, which was considered

with CaFy/n-Si junction.
5.3 Fabrication Process

Firstly, the CdFs/CaF, heterostructures were grown on a n-Si(111)
substrate. The epitaxial growth system is illustrated in Fig. 5. 3. The
system was evacuated by an ion pump to a background pressure of less
than 1x10~? Torr. The CaF; and CdF, layers were deposited from solid

sources using graphite and CaF, crucibles, respectively. Before deposi-
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tion the substrate was chemically cleaned and a protective oxide layer
was grown [120]. Then, it was loaded into the growth chamber through
a load lock, heated to 750°C and exposed to a Si beam to evaporate the
protective oxide layer. This process yielded a well-developed 7x7 reflec-
tion high-energy electron diffraction (RHEED) pattern. The CaFy layer
was grown at a substrate temperature of 750°C by ionized beam epitaxy
and the CdF; was grown on the CaF; at 50°C by molecular beam epitaxy
[68]. Figure 5. 4 shows RHEED pattern and atomic force microscope im-
age of grown CdF; layer on CaFy/Si. A streaky RHEED pattern, which
indicates single crystal and flat surface AFM image of the CdFy layer
were observed. The surface roughness was less than 1.0 nm.

The fabrication process was shown in Fig. 5. 5. CdF, is dissolved by
water and transforms at high temperature, more than 300 °C [155]. From
these demerits, the device using CdF; must be fabricated by water-free

and low temperature process. For the water-free process, dry etching was
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(c)AFM image of the surface of the grown CdF,/CaF, heterostructures

on Si(111) substrate.
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used without wet etching. And electron-beam lithography with PMMA
resist was used for formation of device pattern, because developer and
rinse for PMMA resist are MIBK and IPA, respectively. In addition,
LS-SOG was used for isolation layer material, because that can be cured
at low temperature (2001 °C). Source and drain were formed with Au/Cr
using e-beam evaporation and lift-off process. Figure 5. 6 shows a SEM
view of the resulting FET.

The detailed fabrication process steps after epitaxial growth of
CdF;/CaF5 heterostructures on Sj substrate are given as follows, where

five steps are included, as shown in Fig. 5. 5.

e Formation of alignment marks for direct write lithography

and source/drain

1. e-beam lithography
a. 1:1 PMMA spin coating
1000 rpm. 1 sec. + 2000 rpm. 60 sec.
b. Pre-baking for 60 min. at 170 °C
c. Dose 600 1C/cm?
d. Development

MIBK:IPA=1:3 45 sec., IPA 15 sec.

2. e-beam evaporation

60 nm-thick Au/10 nm-thick Cr evaporation

3. Lift-off process
Boiling acetone at 120 °C

¢ Coating of isolation layer

1. 5% LS-SOG spin coating
1000 rpm. 1sec. + 7000 rpm. 30 sec.
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2. Baking at 200 °C 30 min.
e Opening of contact holes

1. e-beam lithography

a. Cleaning by boiling acetone at 120 °C
b. Baking for drying at 120 °C 10 min.
c. 100% PMMA spin coating
1000 rpm. 1 sec. + 2000 rpm. 60 sec.
d. Pre-baking for 60 min. at 170 °C
e. Dose 800 uC/cm?
f. Development
MIBK:IPA=1:3 45 sec., IPA 15 sec.
g. Post-baking for 20 min. at 120 °C
2. Etching of SOG by RIE
Etching : CF, 3 Pa, 20 W, 7 min 30 sec.
Cleaning : Oy 3 Pa, 20 W, 3 min.
3. Removal of PMMA by boiling acetone

¢ Formation of external electrode pad

1. e-beam lithography

a. Cleaning by boiling acetone at 120 °C
b. Baking dry at 120 °C 10 min.
c. 100% PMMA spin coating

1000 rpm. 1 sec. + 2000 rpm. 60 sec.
d. Pre-baking for 30 min. at 170 °C

e. 100% PMMA spin coating
1000 rpm. 1 sec. + 2000 rpm. 60 sec.
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f. Pre-baking for 60 min. at 170 °C
g- Dose 550 uC/cm?
f. Development

MIBK:IPA=1:1 45 sec., IPA 15 sec.

2. e-beam evaporation

300 nm-thick Au/10 nm-thick Cr evaporation

3. Lift-off process
Boiling acetone at 120 °C

® Contact of gate electrode

1. Cleaning of back of a substrate
a. Cleaning by boiling acetone at 120 °C
b. Baking dry at 120 °C 10 min.

c. 100% PMMA spin coating
1000 rpm. 1 sec. 4+ 2000 rpm. 60 sec.
d. Pre-baking for 60 min. at 170 °C
e. Cleaning by O, ashing
Oz 3 Pa 20 W 6 min.
f. Etching of oxide
CF4 3 Pa 60 W 10 min.

2. Evaporation

100 nm-thick Au/500 nm-thick Al evaporation
3. Removal of PMMA by boiling acetone
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Figure 5.5: Fabrication process of the field effect transistor with
CdF,/CaF5 heterostructures on Si(111).
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Figure 5.6: SEM planview and schematic illustration of the field effect

transistor. The channel length is 100 nm and total channel width is
220 pm.
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5.4 Measured Characteristics

Figure 5. 7 shows the common-source characteristics at 16 K for the
drain current Ip and gate current I versus the drain-source voltage Vpg
for various values of the gate-source voltage Vis. These characteristics
show modulation of the drain current with the gate-source voltage. At .
Vbs = 4.5 V and Vgg = 3.9 V, the drain current is 16 nA and the
transconductance gp is 28 nS. However, the measured drain current in-
cludes a leakage current generated by defects in the epitaxial layer, be-
cause the gate current is of the same order as the drain current. The leak-
age current is estimated from the modulation of the gate current by Vpg,
because it is expected that leakage current flows between the drain and
the gate through the epitaxial layer. The characteristics of the intrinsic
drain current with the leakage current suppressed are shown in Fig. 5. 8.
In these characteristics, modulation of the drain current by Vgg is also
observed. The measured drain current is very small (~nA) and the oper-
ating voltage is larger than 2 V. These are very different from theoretical
characteristics, as shown in Fig. 5. 2. The characteristics are degraded by
the Schottky contact at the source and drain/channel interface, because
electrons cannot be injected from the source to the channel at low applied
voltages due to the high Schottky barrier potential. The Schottky bar-
rier height is estimated to be 1.2 eV using the Fowler-Nordheim equation
[156] obtained from the intrinsic drain current shown in Fig. 5. 8 and
the channel electric field in the vertical direction, which depends on Vgg,
where the drain current is equated with the tunneling current from the
source to the channel through the Schottky barrier. In a previous paper,
respective Schottky barrier heights of 0.8 and 1.4 eV for Al/CdF, and
Au/CdF; were reported [157]. From these results, the Schottky barrier
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heights in metal/CdF; junctions follow the metal work function, as shown
in Fig. 5. 9. Therefore, in principle, low voltage operation and large drain
current can be realized using a low work-function metal such as Er and
Eu. Moreover, the interfacial trapping density at source/channel and
drain/channel interface influences to the gate modulation, because po-
tential between gate and source region can be not controlled with good
efficiency by applied voltage [158]. The cleaning process before evapora-

tion is necessary for formation of ideal metal/CdF, junction.

5.5 Conclusion

One-hundred-nanometre-long channel field effect transistors using
CdF3/CaF; heterostructures on a Si substrate were fabricated using elec-
tron beam lithography. Modulation of the drain current with the gate-
source voltage was observed at 16 K. The measured drain current was very
small (~nA) because of the Schottky contact at the source-to-channel and

drain-to-channel interfaces.



Chapter 5. Fabrication of Field Effect Transistor with New Heterostructure System 126

(a) 20

1 16K V=3.0-3.9V, 0.3V step [~
g 16 ............................................................................................................
= e § e Nl
: 12 ................................................................
§ ...........................................................
5 o POt ) S NOROONY oS OO
g Ve G
=
Q ..........................................................................................................

20 25 30 35 40 45
Drain-Source Voltage V [V]

(@]
O

(b)

[a—
(@)

[——y
[\®)

Gate Current I [nA]
o0

20 25 30 35 40 45
Drain-Source Voltage V¢ [V]

Figure 5.7: Common-source characteristics (a) Ip — Vpg (b) Ig — Vpg of
the CdFs/CaFy field effect transistor at 16 K for various values of Vas.
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Figure 5.8: Intrinsic common-source characteristics without leakage cur-
rent. It is assumed that the leakage current is the modulation of the gate
current by the drain-source voltage shown in Fig. 5. 7(b).
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Figure 5.9: Relation between metal work function and Schottky barrier
height at metal/CdF, junction.
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Conclusions

In this work, a tunneling field effect transistor with metal source/drain
(S/D) and gate and an un-doped channel was studied as a nm-size de-
vice for use in high-performance and high-integrated LSI. Schottky S /D
MOSFETs and vertical tunneling field effect transistors (VIFETs) with
CoSiz/Si/CdF,/CaF; heterostructures, which can be grown on a Si sub-
strate, were studied. For each device, degradation of the characteristics
for very short channel structures was analyzed theoretically. From a
comparison between conventional MOSFETs and tunneling FETSs, the
advantage of these tunneling devices with very short channel structures
was shown theoretically. Very short metal gate Schottky S/D MOS-
FETs were fabricated on a SIMOX substrate, and room temperature
operation of a 25 nm-long gate device was demonstrated. CdF3/CaF,
heterostructures which were a fundamental structure of the proposed
VTFET were grown on a Si substrate and primitive field effect transistor
action with these heterostructures was demonstrated.

Detailed results are summarized as follows:

[1 ]The Schottky S/D MOSFET was analyzed theoretically and the char-
acteristics of Schottky S/D MOSFETSs were compared with those of
conventional MOSFETs.
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(1-a) The characteristics of Schottky S/D MOSFETs depend strongly on
the Schottky barrier height. The current drivability and the on/off
ratio increase with lower Schottky barriers. Drivability comparable
to conventional MOSFETSs, whose channel length is less than 30 nm,
can be realized, when the Schottky barrier heights are 0.25 for p-type
and 0.1-0.15 eV for n-type devices, respectively.

(1-b) The threshold voltage shift of Schottky S/D MOSFETSs by the
short channel effect is smaller than that of conventional MOSFETs.
The subthreshold swing of the Schottky S/D MOSFET even with
a long channel is larger than that of a conventional MOSFET. To

reduce the subthreshold swing, the gate oxide must be thinned.

(1-c) Thinning of the gate oxide and the SOI layer is effective in sup-
pressing the short channel effect. The short channel effect can be
suppressed even with a 15 nm-long channel at tox = 1 nm and tso1

= 3 nm.

[2 ] Very short metal gate Schottky S /D MOSFETs were fabricated on a
SIMOX substrate, and room temperature operation of the devieces

was demonstrated.

(2-a) 50 nm-long channel devices were fabricated by a simple process,
which involved only SiO, sputtering for the gate oxide and a lift-off
process for the electrodes. A large on /off ratio was achieved even with
a very short channel using a thin SOI structure. At Vps =-1.0V,
the on/off ratios were 750 and 10* for 50 and 75 nm-long channel

devices, respectively.

(2-b) 25 nm-long metal gate Schottky S/D MOSFETS were fabricated
by electron-beam lithography with PMMA resist and a self aligned
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silicide process. ErSiy and PtSi, which have low Schottky barriers

were used for n-type and p-type S/Ds, respectively.

(2-¢) Room temperature operation of a 25 nm-long gate n-type ErSi,
Schottky S/D MOSFET was demonstrated. At Vgs = Vpg = 2 V,
the drain current was 75 #A/pm and the transconductance was
9.5 mS/mm. |

(2-d) Room temperature operation of a 35 nm-long gate p-type PtSi
Schottky S/D MOSFET was achieved. At Vgg = Vps = -1.5 V,
the drain current was =176 pA/um and the transconductance was
390 mS/mm. Drivability comparable with conventiona] MOSFETs
was achieved. The on/off ratio was improved by using a very thin

SOI structure,

(2-e) Comparison between theoretical and experimental characteristics
shows the measured to be greater off current than the theoretical
value. A possible explanation for this is that the off current is in-
creased through interfacial traps due to the surface roughness and
metallic contamination. The characteristics can be improved by a

cleaning process before S /D formation.

[3 JA Vertical tunneling field effect transistor (VIFET) with a
CoSiy/Si/CdF,/CaF, heterostructures, which can be grown on a Si
substrate was proposed and analyzed. The potential of the device

operation with nm-channel was shown theoretically.

(3-a) The drain curves of VIFETS are very similar to those of conven-

tional MOSFETS even with g channel length of 5 nm.

(3-b) With increasing gate length, the drivability and subthreshold char-

acteristics can be improved. The short channel effect cap be sup-
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pressed even with a channel length of 10 nm.

(8-c) The response time of VTFETSs was estimated. The response time
almost depends on charging time. The cut-off frequency is 550 and

430 GHz for 5 and 20 nm-long channel devices, respectively.

(3-d) The influence of carrier scattering in the channel was analyzed.
The transconductance and carrier velocity are decreased with increas-
ing channel carrier density due to carrier scattering in the channel.
When all the tunneling electrons are scattered in the channel, the
cut-off frequency for a 5 nm-long channel is reduced by a factor of

two compared to the value without scattering.

(3-é) The application to novel field effect Si-based quantum devices with
a multi quantum well channel was shown. Transistor action with a
negative differential resistance can be realized by quantum interfer-
ence in a double quantum well channel. The number of devices in

the circuit can be reduced using this quantum device.

[4 ]A CdF;3/CaF; heterostructure, which is the fundamental structure of
the proposed VIFET was grown on a Si substrate and primitive field

effect transistor action with this heterostructure was demonstrated.

(4-a) CdFy/CaF; heterostructures were grown on Si substrates and
100 nm-long channel field effect transistors were fabricated on these
substrates using a low temperature process and electron beam lithog-

raphy to suppress degradation of the grown CdF, film.

(4-b) Modulation of the drain current with the gate-source voltage was
observed at 16 K. The measured drain current was very small (~nA)
due to the Schottky contact at the source-to-channel and drain-to-

channel interfaces. The Schottky barrier height was estimated to be
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about 1.2 eV from the characteristics. Low voltage operation and
large drain current can be realized using a low work-function metal,
because the Schottky barrier heights in metal /CdF5 junctions follow

the metal work function.

From these results, the potential for scaling into the nm regime of
the tunneling field effect transistor with a metal S/D and gate and an

un-doped channel was shown.
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