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1 Introduction

In 1943 THOMAS J. WATSON - chairman of IBM at that time - stated the often
quoted sentence ‘I think there is a world market for maybe five computers’. That
was in the time before the invention of the transistor based on semiconducting
material. This sentence has continuously been proven wrong in the last three
decades and today the semiconductor and computer industry is a prospering
market with a volume of sales of 200 billion US $.

For the last 30 years CMOS has been the predominant technology of micro-
electronics. The metal-oxide-semiconductor field-effect transistor (MOSFET)
is at its heart and can nowadays be found millionfold in every computer chip.
Over the years a tremendous down-scaling has been taken place resulting in a
minimum feature size of 130 nm of today’s semiconductor devices. The question
arises: Why is scaling important? The answer is that scaling the geometry of
the device and the supply voltage by a factor 1/x leads to a higher density of
devices o« k2 and an increased speed o k while leaving the power consumption
constant. The ever increasing demand for higher speed and performance of mi-
croelectronic circuits has forced this enormous miniaturization. The remarkable
commercial success of CMOS technology and the unique features of the Si/SiOq
material system explain the enormous efforts of the semiconductor industry to
push the limits to ever smaller structures whilst still the same principles of
operation are used as at the beginning of the era of integrated circuits.

In 1965 G. MOORE observed that integration of electronic circuits proceeds
exponentially resulting in a doubling of components per chip every 18 months
[48]. This so-called MOORE’S law still holds today and has led to the set up of
technology roadmaps which are simple extrapolations of the development expe-
rienced so far. According to these roadmaps the limits of CMOS will be reached
in the near future. Figure 1.1 shows a compilation of the International Technol-
ogy Roadmaps for Semiconductors' for the years 1994 - 1999. As is predicted
by the 1999 Technology Roadmap, the regime of 30 nm feature size is reached in
2015. To what extend CMOS can be further extrapolated and actually realized
is quite unclear. A lot of theoretical and experimental research worldwide is
dedicated to answer the question of ‘how small can we go?’. Theoretical studies
on the limits of CMOS have continuously proven wrong by experimentalists in
recent years. Devices with channel lengths as short as 15 nm have already been
demonstrated successfully [38] which exhibit acceptable electrical characteris-
tics. In particular, the advent of silicon-on-insulator technology which will be
the standard material for next generation devices makes a further miniaturiza-

1http://WWWsemichips.org



2 1 INTRODUCTION

tion of today’s devices possible [53]. Very recent simulations have shown that
the limits of CMOS based on SOI technology are around channel lengths of
8nm [50] for an ideal layout of the MOSFET structure.

For the realization of aggressively scaled devices there are two major obsta-
cles. First, the technological difficulties, especially the nanometer-scale lithogra-
phy, have to be overcome. Today, several different technologies are investigated
which shall replace optical lithography in the near future. In particular, the
use of extreme-UV, ion-beam and X-ray lithography are promising candidates.
The second is a fundamental physical limit. There is a minimum structure size
for which CMOS works. Beyond that, completely different concepts have to be
employed. For ever smaller devices quantum mechanical effects will become in-
creasingly important and will strongly influence the performance of MOSFETs.
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Figure 1.1: Compilation of the 1994 - 1999 International Technology Roadmaps for Semi-
conductors.

The present thesis studies ultra-short channel MOSFETSs theoretically and
experimentally. A fully quantum mechanical computer simulation of a quasi
two-dimensional model for a single-gated ultra-short channel MOSFET has
been developed. Simulations are performed in order to study the influence
of the geometry of such devices on their electrical behavior. In addition, a
technology for the fabrication of ultra-short channel MOSFETSs with defined
channel lengths is developed. Minimum channel lengths of 10nm and below
can be realized in principle what allows an investigation of the limits of CMOS
technology. The key features of the present approach are the generation of an
abrupt doping profile with the use of silicon epitaxy on SOI and the self-limited
generation of source and drain with anisotropic wet chemical etching. This



results in two major advantages of the present device concept. First, ideally
shallow source/drain contacts are achieved what is necessary to prevent short-
channel effects. Second, a reproducible process technology is obtained due to
the self-limiting behavior. In addition, because of anisotropically etching the
device structure the technology is capable of fabricating source-drain separa-
tions in the nanometer regime with conventional optical lithography. Devices
fabricated with this technology show state-of-the-art electrical characteristics.

The results presented here emerged out of a collaboration with the IBM T.J.
Watson Research Center, USA, Massachusetts Institute of Technology, USA and
the University of California at Los Angeles, USA.
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2 Principles of Operation

The present chapter gives an introduction to the most relevant topics and con-
cepts of a metal-oxide-semiconductor field-effect transistor (MOSFET). Begin-
ning with the metal-oxide-semiconductor capacitor, the MOSFET will be in-
troduced in the following. First, a long-channel device is examined, then the
peculiarities of short-channel devices will be introduced and discussed.

2.1 The MOS-Capacitor

As its name reveals the MOS capacitor consists of three components, i.e. a
metal, an insulator (oxide) and a semiconductor. In equilibrium, the edges of
the conduction and valence bands are aligned according to the requirement of
a common FERMI level throughout the structure. In addition, at interfaces
between two components the exact position of the band edges is determined by
the work-function of adjacent materials by the requirement of an equal energetic
position of the vacuum level E,,. at the respective interface. This is illustrated
in figure 2.1 (a) for the case of tungsten as metal electrode and a p-doped silicon
substrate. Note, that the energetic position of the band edges is not drawn to
scale.

In non-degenerately p-doped silicon the FERMI level E¢ deep in the semicon-
ductor side is determined by the doping concentration N, and the temperature
T according to [76]

E;—E; =kTIn <%> (2.1)
where n; is the intrinsic carrier concentration and FE; can be considered as
being the midpoint between valence and conduction band edge. The difference
between the FERMI and the intrinsic level E; is denoted 1, as is depicted in
figure 2.1 (b) at the right end of the p-silicon. If the silicon is degenerately
doped the FERMI level lies above the conduction band edge for n-type and
below the valence band edge for p-type silicon.

If a voltage Vj is applied between the metal electrode and the semiconductor
a potential 1, is present at the semiconductor-insulator interface which alters
the charge distribution at the surface. In the depletion approximation the
relation between V;; and 1) is [76]

—Ws 2siNas
C@ :Vfbwﬁivsced)

V;, :Vfb‘i‘d}s"‘vo:c :Vfb+¢s+
(2.2)
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Figure 2.1: The MOS capacitor. (a) in equilibrium, (b) accumulation, (c) onset of inversion, and

(d) strong inversion.

where N, is the density of acceptors and e is the elementary charge. Vy, is the
so-called flat-band voltage explained below. For Vj; # 0 the following cases can

be distinguished:

e In equilibrium the MOS system is determined by the requirement of a
common FERMI level throughout the entire structure. The positions of
the conduction band edges at the interfaces of the different materials
are given by the differences in work function. The band-bending of the
conduction and valence band of the semiconductor depends on the actual
magnitude of the work-function of the metal.

e A negative voltage V;; accumulates holes at the oxide-semiconductor in-
terface which are the majority carriers in the case of a p-silicon MOS
capacitor. The MOS structure is said to be in accumulation.
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e Ifin equilibrium the conduction and valence band edges of the p-silicon are
bent a voltage applied between metal electrode and silicon can compensate
this bending so that the case of flat band edges in the silicon is obtained.
The corresponding voltage is called the flat-band voltage Vy, which can
either be positive or negative depending on the work function of the gate
electrode and the doping concentration in the silicon.

e If in the case considered in figure 2.1 a positive voltage larger than Vy, is
applied the majority carriers in the p-doped region, i.e. the holes, will be
repulsed from the surface. The resulting negative depletion charge of the
immobile ionized acceptors will force the conduction and valence band to
bend downwards. At the instant when E; = Ey at the surface an equal
occupation of electrons and holes results at the insulator-semiconductor
interface. Increasing Vj yields a higher occupancy of electrons, i.e. the
semiconductor is inverted in a small area at the interface. The onset of
weak inversion is depicted in figure 2.1 (¢). This means that at the surface
a small area - the inversion layer - builds up consisting of bulk minority
carriers, i.e. electrons in the case considered here.

e A further increase of gate voltage leads to the case of strong inversion
which is shown in figure 2.1 (d). The FERMI-level lies well above the
intrinsic level. The surface potential does not change any more when al-
tering the gate voltage because the inversion charge will screen the electric
field generated by the gate voltage. In the case of strong inversion all the
voltage drops across the insulator and the MOS system behaves like a
capacitor.

A criterion for the onset of strong inversion is 1y = 2¢y, = 2(E; — Ef).
The corresponding gate voltage Vj is called the threshold voltage Vy;, [76]
which is given by equation (2.2) with 15 substituted by 2 as

vV 4582'6Na¢b

Vi, =V, 2
th o+ 29 + o

(2.3)

2.2 Long-Channel MOSFET

Attaching contacts to the right and to the left of the inversion layer one obtains
a MOSFET structure a schematics of which is shown in figure 2.2. The device
has three terminals, namely source, drain and gate and consists of two reversibly
poled pn-junctions. All following considerations will exclusively be discussed for
the case of an n-MOSFET, but can easily be transferred to the p-MOSFET.
For an n-MOSFET the channel builds-up in the inversion layer of the p-doped
part of the MOSFET which is in between the two n-doped contact regions. The
channel is separated from the gate electrode by a thin SiOs film. The channel
length L is measured along the z-direction, the width W of the transistor in
the y-direction. Additionally, the circuitry with the accessory voltages Vj, the
gate voltage, and the drain-source voltage V;; are shown in figure 2.2 as well.
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gate
channel
. o

p-substrate

Figure 2.2: Sketch of the MOSFET with a typical circuitry and the accessory voltages.

Usually, all voltages are measured with reference to the source contact which is
connected to ground.

For gate voltages V; < Vyj, the density of mobile carriers in the channel - i.e.
electrons in the case of the n-MOSFET considered here - is exponentially small
so that a drain current is prevented from flowing even when the drain-source
bias Vg is different from zero. Equivalently, one can consider the potential
barrier generated by the two reversibly poled source-channel and channel-drain
pn junctions. If this barrier is high enough no current flow is possible. In equi-
librium, the barrier height is equal to the potential difference of the conduction
band edges in e.g. source and the channel far away from the depletion zone
of the pn junction. The resulting potential is called the built-in potential Vj;
which is determined by the doping concentrations of the contacts and the chan-
nel. If a positive voltage is applied to the gate an inversion layer is generated
connecting source and drain which is called the channel. A drain current I
flows which can be controlled by the gate voltage.

In the case of the long-channel MOSFET the channel is much longer than
the depletion zones of the pn junctions at the source and drain ends of the chan-
nel. Hence, in the case of a long-channel MOSFET these depletion zones can
be neglected. The channel is so long that the potential distribution varies only
slightly along the z-direction and the potential distribution can be regarded
as one-dimensional. In this gradual-channel-approximation the behavior of the
MOSFET is determined by the potential along the z-direction and the MOS-
FET can be described similar to the MOS capacitor.
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2.2.1 I-V Characteristics

Figure 2.3 (a) shows a typical drain-current versus drain-source voltage plot
of a long-channel MOSFET and (b) is a log-scale as well as a linear plot of
the drain current Iy versus V, for small drain-source voltages. Depending on
Vy and Vg, one can distinguish between three different regions in the output
characteristics:

e the subthreshold region: for V,; < Vj;, the drain current exponentially
depends on V, since only electrons with energies higher than the con-
duction band edge in the channel contribute to the current. The occu-
pancy of these energy levels is only exponentially small no matter whether
MAXWELL-BOLTZMANN or FERMI-statistics is encountered.

e the linear region: for small V;, the MOSFET behaves like a resistor whose
resistance depends on V.

e the saturation region: for high Vy, and V; > V};, the drain current satu-
rates. Its actual value solely depends on V.

The above listed modes of operation will now be discussed in more detail in the
following paragraphs.

(a) (b)
/
- non-saturation / saturation N
/ vé
[ / 9 —
/
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S /
& - / ve 7]
4 g
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- / v2 _
| // V! |
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Vys(a-u.) T

Vg V]

Figure 2.3: Output (a) and transfer (b) characteristics of a long-channel MOSFET.

Subthreshold Behavior

Below threshold the current is very small but not zero. In fact, it depends
exponentially on the gate voltage. The left curve in figure 2.3 (b) shows a
log-scale plot of the drain current versus gate voltage for small bias Vg;. The

Iy (a.u.)
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straight line in the region below the threshold voltage is said to be the inverse
subthreshold swing. It is defined as

0log Iy
Sl =
oVy

(2.4)

and indicates how the drain current alters when changing the gate voltage, i.e.
it is a measure for the gate control of the device below threshold. Usually, the
numerical value is given in mV /dec, i.e. how much gate voltage change is neces-
sary in order to change I; by one decade. Ideally, this change in gate voltage is
given by AV, ~ kT In10 and has a numerical value of S = 60mV /dec at room
temperature. The subthreshold behavior is important for digital applications
since it determines how the device can be switched on and off. An acceptable
ratio between on- and off-state current I,,/I,s¢ is about 4 - 5 orders of mag-
nitude for V, given by the supply voltage and V; = 0, respectively. Since the
supply voltage of future digital circuits must be reduced in order to diminish
the power consumption S must not be larger than ~100mV /dec. Otherwise no
defined off-state is obtained any more.

The Linear Region

For small drain source voltage Vys the drain current I; can be given by the
following relation [76]

w
Iy = Meffcoxf(vg — Vin)Vas (2.5)

where picry is the effective mobility of the conduction electrons and V, is the
threshold voltage. Equation (2.5) indicates that for small Vg5 the MOSFET
behaves like a resistor where the resistance Rgs(Vy) = Vys/I4 can be modulated
by the gate voltage. The linear region of I;— Vs curves can be seen in figure 2.3
(a) in the left part indexed ‘non-saturation’.

More important for the extraction of device parameters is the I; — V; plot
shown in figure 2.3 (b). Linear Iy — V; plots (right curve in fig. 2.3 (b)) at low
drain bias are used to approximately determine the threshold voltage and to
extract the effective channel length of a MOSFET. The threshold voltage Vij,
can be determined from the I; — V, plot by linearly extrapolating the curve to
I; = 0. The intercept with the V-axis yields approximately V};, as is shown in
figure 2.3 (b) by the dotted line.

MOSFET in Saturation

For increasing Vys the drain current first raises linearly as stated above and
reaches its maximum value at V% which is shown by the dashed line in fig-
ure 2.3 (a). Current saturation occurs because at the drain end the inversion
charge density vanishes if V;, equals the gate overdrive V; —V}y,, i.e. the channel

vanishes at the drain end which is termed pinch-off. Figure 2.4 (a) shows this
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situation schematically. The saturation current depends on Vj as (dashed line
in figure 2.3 (a))

W (V, — Vin)?

Ijat — ,ueffcoasf( g 2mt ) (26)
with m = 143t /Wapn, being the body-effect coefficient and Wy, the maximum
depletion layer width [76]. A further increase of Vzs beyond the saturation
voltage leaves I; unchanged whilst the pinch-off point moves towards the source
as shown in figure 2.4 (b).

(a) (b)

source source

pinch-off

channel \ )
depletion

zZone

point

Figure 2.4: Current saturation in a MOSFET. (a) For Vs = Via: the channel vanishes at the
drain end. (b) The pinch-off point moves to the source for Vs > Vias.

A plot of I; versus Vj in the saturation region and for V; > V};, yields the
so-called transconductance g, of the MOSFET defined according to

1 0l

_ 1 9oL 9.

Vds >Vsat 7Vg>>‘/th

The transconductance is a measure of how effective the drain current in the
on-state of the device is controlled by the gate voltage.

2.2.2 Channel Length

The channel length is a key-parameter in CMOS technology since it is used
for circuit simulations, short-channel design etc. However, the notion ‘channel
length’ is not well-defined. There are quite a few length scales all related to the
spatial extension of the channel. One distinguishes between the mask length
Liy4sk, the gate length L, the metallurgical channel length L,,.; and the effec-
tive channel length L.;r. The difference between L,,qs; and Ly is simply due
to an imperfect or deliberate deviation of the lithography mask pattern and the
actual gate pattern. The metallurgical channel length denotes the separation
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between source and drain, i.e. denotes the geometrical channel length. The
effective channel length is different from the other lengths since it is defined
by the electrical characteristics of the MOSFET and is no geometrical length.
Ly is a measure of how much gate-controlled current a device can deliver and
is therefore an important length scale for circuit models. In general L.y is
different from L,,.; depending on the doping profile of source and drain. In
lightly-doped-drain devices, for instance, Leys > Linet whereas for abrupt dop-
ing profiles it can be significantly shorter than L, [76]. There are several
methods to extract the effective channel length from electrical characteristics
[62]. For short channel MOSFETS the ‘shift and ratio’ method introduced by
TAUR et al. is the most effective. This method compares the linear regime
of the output characteristics of a long- and a short-channel device with equal
width [74].

When devices get shorter and shorter it becomes increasingly difficult to
exactly define the metallurgical channel length. As long as there is no abrupt
doping profile the actual source-drain separation cannot be determined unam-
biguously since the annealing steps in the process flow of MOSFET fabrication
will smear out the borders of implanted source/drain contacts due to diffusion
of the dopants. Hence, when producing ultra-short channel MOSFETSs diffu-
sion of dopants can be a severe problem for the reproducibility of a certain
technology.

2.3 Short-Channel MOSFET

Although the transition from a long-channel to a short-channel MOSFET is a
gradual one there exist qualitative and quantitative differences between them.
For shrinking channel length the depletion zones at the source-channel and
channel-drain contacts become more and more a part of the actual channel
and their influence cannot be neglected any more. The resulting potential
distribution is two-dimensional rather than one-dimensional. The proximity
of source and drain thereby modifies the effective potential distribution and a
number of so-called short-channel effects (SCE) appear which deteriorate the
performance of the MOSFET. These effects are discussed in more detail in the
following.

2.3.1 I-V Characteristics and Short-Channel Behavior

As already mentioned, the depletion zones of source and drain influence the
electrical behavior of short-channel MOSFETs which manifests itself in the
appearance of short-channel-effects. The short-channel effects come about be-
cause of an increasing loss of control of the depletion charge by the gate and an
increasing influence by the drain. This can be seen in the output and transfer
characteristics of such devices. The drain current of MOSFETSs suffering from
SCE does not saturate any more which is shown in figure 2.5 (a); I; increases
significantly even in the saturation region. Figure 2.5 (b) shows the transfer
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characteristics of devices with decreasing channel length for two different Vy,
(adjacent straight and dashed lines belong to one device). The loss of gate
control manifests itself in an increasing subthreshold swing S which moreover
depends on V. Physically there is no distinction between different SCE since
they are all due to the influence of the depletion zones of source and drain on
the barrier height of the channel when L is reduced. However, according to the
regime of operation a number of SCE are specified.

(a) (b)

0

10

Iy (a.u.)
log(ly) (a.u.)

0 05 1 15 2 25 3
Vys (@.u.) Vg V]

Figure 2.5: Output (a) and transfer (b) characteristics of a short-channel MOSFET. (b) shows
curves with decreasing channel length for two different V.

Drain-Induced-Barrier-Lowering

Due to the increasing extension of the drain depletion zone with increasing
Vs the barrier height at the edge of the source is lowered. This so-called
drain-induced-barrier-lowering (DIBL) increases the carriers injected into the
channel and the drain current raises in the saturation region. The situation is
schematically shown in figure 2.6 contrasted to the situation in a device with
long-channel behavior. The potential profile of the MOSFET is depicted for two
different V5. For the long-channel device (a) the potential barrier at the source
does not change under bias but depends on Vg, for the short-channel device
(b). Therefore, the leakage current in the off-state of the device is increased
with increasing bias. In the extreme case the device can be switched on under
bias so that it cannot be used for digital applications because of the lack of
a well defined on- and off-state. An equivalent approach to this phenomenon
is that for a device suffering from SCE the depletion charge in the channel is
influenced more and more by the drain electric fields as the channel length is
decreased. This is referred to as charge sharing by the gate and drain electric
fields.
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(a) (b)

d (a.u.)
@ (a.u.)

source channel drain source channel drain

Figure 2.6: Potential profile in a long-channel (a) and a short-channel (b) MOSFET for two
different Vg, illustrating the appearance of DIBL in (b).

Due to the barrier lowering the threshold voltage becomes bias dependent
so that a measure for the DIBL is the shift of the threshold voltage V;; per
incremental change of the bias Vs, usually given in units of mV/V.

AV,
AVy,

DIBL = ‘ (2.8)

Obviously, for an ideal long channel device the value of DIBL approaches zero.

Alternatively, looking at figure 2.6 (b) DIBL can be quantified by the ratio
between the amount of barrier lowering indicated as ‘DIBL’ in the diagram
per dVy, for V, ~ 0V. This can certainly be done only for simulated curves
where the potential profile is known. A practical way of extracting the DIBL
is found by the observation that the barrier lowering essentially leads to a shift
of the transfer characteristics to lower V, [79]. A horizontal line is drawn in the
transfer characteristics which crosses the curve for a medium Vy, at V;, =~ 0. The
gate voltage interval where the horizontal line crosses transfer curves for higher
and lower Vi, is then divided by the Vys-interval of the belonging curves. This
value represents the DIBL also specified as mV/V. However, this procedure
results in higher numerical values (about a factor of 2) for the DIBL when
compared to the direct relation possible for simulated curves.

Threshold-Voltage Roll-Off

As already mentioned above when L is of the order of the extension of the
depletion zones in source and drain the potential barrier height is decreased
depending on L. This results in a decrease of the threshold voltage compared
to Vi, of a long-channel device. This so-called threshold voltage roll-off is a
severe problem in short-channel devices because manufacturing tolerances in
the channel dimensions leads to significantly differing V};, from device to device
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[80]. In addition, V45 must not be too small in order to get a defined off-state
at V;, = 0V. In order to overcome this problem the influence of source and
drain depletion zones have to be diminished which can be done by increasing
the acceptor doping level in the channel or decreasing the source/drain contact
depths (ultra-shallow contacts). As will be discussed below another way is to
use very thin silicon-on-insulator (SOI) films with which the fraction of the
gate controlled depletion charge is increased [15]. Furthermore, quantization
in ultra-thin SOI films in the direction of the film thickness can enhance the
effective potential barrier height thereby increasing the threshold voltage [54].

Channel Length Modulation

The effective channel length is reduced by the extensions of the depletion zones
at the source-channel and channel-drain contact. For increasing Vy, the de-
pletion zone at the drain end enlarges so that the effective channel length is
diminished and becomes a function of V;,. The channel-length modulation AL
is actually not a real short-channel effect since it also occurs in the long-channel
MOSFET. But in the case of a long-channel device it can be neglected because
L > AL. However, in the case of a short channel the channel length modulation
is of the order of L and influences the electrical behavior of the device. With
increasing bias the channel gets shorter and shorter which leads to an increase
of current in the saturation region. For high bias the depletion zones can get
together which in the extreme case results in the so-called punch-through. A
high drain current then flows in the MOSFET which cannot be affected by the
gate any more.

2.3.2 Scaling Laws

As mentioned above, when a MOSFET is scaled down the depletion width of
source and drain have to be made small which can be done by increasing the
doping concentration N, in the channel. However, this increases the threshold
voltage (see equation (2.3)) which in turn reduces the drivability of a MOSFET
for given supply voltage. This in turn can be overcome by reducing the oxide
thickness. Hence, scaling of a MOSFET is possible if certain rules are obeyed in
order to avoid SCE and corruption of device performance. DENNARD et al. were
the first who put forward such scaling rules [21]. All spatial dimensions and
potentials are scaled by a common factor 1/ and the doping concentration by .
Since the electric fields in the scaled device remain the same as in the unscaled
one this scaling rule is referred to as constant field scaling. The drawback of
constant field scaling is that the diffusion potentials of the pn-junctions are not
scaled so that the supply voltage cannot be scaled accordingly. Reducing the
supply voltage is essential in highly integrated circuits in order to reduce the
power consumption of the circuit [75] and to guarantee device reliability which
is of concern due to increasing electric fields in the devices. Therefore, the
scaling rules are generalized by the introduction of additional scaling factors
in order to compensate the short-comings mentioned above. This approach is
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called ‘selective scaling’” which has two spatial dimension scaling factors. One
scales the gate length and the vertical dimensions of the device the other scales
the width of the device as well as the wiring [20, 85]. However, the scaling
rules loose their validity for channel lengths in the nanometer regime. Even
for the highest doping levels there are only a few dopants in the channel which
lead to fluctuating electrical behavior from device to device disabling digital
applications [87]. Hence, for ultimately scaled devices doping of the channel
cannot be tolerated. A special device layout must be employed in this case in
order to prevent the SCE from making the device inoperative.

2.3.3 Bulk versus SOI

Instead of working with a usual silicon substrate the efforts nowadays aim at
using silicon-on-insulator (SOI) technology. SOI offers advantages not only in
the direct dielectric isolation of adjacent devices being part of a circuit on a
chip but also for the actual device itself. This is due to the unique feature of
having a silicon film of varying thickness t5; on SiOs, called the buried oxide
(BOX). Short-channel effects are strongly reduced in SOI-based MOSFETs.
Additionally, the presence of the buried oxide reduces parasitic capacitances of
the device such as the junction-to-substrate capacitance [15] which increases
the response speed of such transistors.

The electrical behavior of a MOSFET fabricated on the basis of SOI tech-
nology depends strongly on the thickness ¢t [15]. For thick films (> 300nm)
the devices are very much like bulk MOSFETs. Reducing tg; results in a thin
film device with superior output characteristics and short-channel behavior for
scaled-down devices [15, 81]. In particular, the fully-depleted (FD) SOI MOS-
FET is the most promising version of possible SOI devices. Fully-depleted
means that ¢y is smaller than the depletion length at threshold. When scaling
MOSFETs down the depletion charge controlled by the gate decreases with
decreasing device dimensions which leads to DIBL resulting in the threshold
voltage roll-off and eventually in a punch-through. SOI devices on the other
hand are much less vulnerable to short-channel effects. This can be understood
with a simple geometrical construction [15, 81]. The charge controlled by the
gate can be estimated by a trapezoidal region underneath the gate with the
upper base given by the gate length and the lower reduced due to the influ-
ence of source and drain. If the channel length is scaled down the lower base
reduces until it vanishes. If this happens most of the depletion charge is not
controlled by the gate anymore but by source and drain and the device suffers
from short-channel effects. This scenario is depicted in figure 2.7 (a) for a bulk
MOSFET. The depletion region is shaded dark-gray and the part of the de-
pletion charge controlled by the gate is the hatched area. Using SOI as shown
in figure 2.7 (b), the relative amount of the gate-controlled depletion charge
can be increased. This amount is maintained if the silicon film thickness is
reduced accordingly when scaling the channel length down [72]. Therefore, the
DIBL and the threshold-voltage roll-off in these devices is much smaller and
starts at much smaller channel lengths than in bulk devices [81, 72| which is
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due to the more efficient gate control of the depletion charge and the automatic
ultra-shallow source/drain contacts.

(a) (b)

source source

Figure 2.7: Bulk (a) versus SOI (b). The dark-gray shaded region is the total depletion charge

whereas the hatched area is the depletion charge Qq controlled by the gate [15].

If the SOI film thickness is further reduced quantum mechanical effects be-
come important so that the quasi-continuum of two-dimensional subbands in the
channel splits up into energetically separated levels [44]. Quantization plays an
important role in very thin film SOI devices because the electron wave-function
is confined to the SOI film by the two SiOs-potential barriers represented by the
gate oxide and the BOX [35]. In particular the first two-dimensional subband in
the channel can be energetically well separated from the conduction band edge
which significantly enhances the effective barrier height between source and
drain [14, 23]. Since the first subband belongs to the ladder with high effective
mass [5] in vertical direction quantization is of concern only for very thin ¢4
[44]. For ultra-short channel MOSFETs with undoped channel (see below) the
increase in barrier height is important in order to avoid punch-through in these
devices. However, quantization can degrade the performance of MOSFETSs due
to a reduction of the density of states in the channel and therefore a reduction
of the inversion charge. Furthermore, the charge centroid is moved away from
the Si/SiO2 interface which results in a reduction of inversion capacitance. In
addition, the threshold voltage increases due to the quantization [54] so that
for low supply voltage the gate overdrive V; — V}y, is reduced. This results in a
performance loss concerning the drivability of the device if the SOI thickness is
smaller than ~ 3nm [12].

2.4 The Ideal Transistor Structure

2.4.1 Ballistic Transport

If the channel length is reduced to lengths in the range of 10-20 nm even for the
highest doping levels there is only a small number of dopants in the channel
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and every device will have its own specific spatial dopant configuration. This
results in a fluctuation of threshold voltage from device to device which severely
limits the applicability of MOSFETS in circuits [87, 46]. Increasing the width
of the devices is no remedy for V};, fluctuations since in the subthreshold regime
the current appears to be highly localized to the area of lowest potential barrier
which can be different from device to device [12]. Therefore, one has to avoid
doping in the channel and a special design is necessary to prevent the short-
channel effects from deteriorating the performance of the transistor.

If the channel is undoped it was shown theoretically that the total mean
free path of carriers in the channel limited by electron-electron and electron
phonon-interaction [24] is such that ballistic transport, i.e. transport without
scattering is possible for channel lengths smaller than 30 nm [28]. Since lower-
ing the temperature suppresses both interaction processes ballistic transport is
predicted at 77K for L < 50nm [49]. Ballistic transport is favorable since the
highest transconductances are anticipated for these devices.

Although electrons in ballistic MOSFETSs move dissipationless the resistance
of the MOSFET is not zero. There is a fundamental contact resistance which
cannot be lowered no matter what contact metallurgy is employed [19, 8]. This
resistance is due to the fact that the current inside the contacts is carried by
infinitely many transverse modes (i.e. along the width of the device) whereas
in the channel there are only a finite number of modes accessible [17]. This
contact resistance is approximately R. = 12.9kQ/M with M being the number
of transverse modes in the channel.

The consideration of current saturation in ballistic MOSFETS is different
from the notion of pinch-off in long-channel MOSFETSs. The drain current I
can be written as [49]

Iy / dE (f, — f)T(E) (2.9)

where T'(F) is transmission coefficient of electrons moving from source to drain.
When direct tunneling between source and drain is neglected T'(E) ~ 1 for
energies above the potential barrier maximum E;i* represented by the source-
channel pn-junction. In equilibrium both occupation factors are equal and
cancel each other. For high bias f; vanishes in the energy range for which
T(F) # 0 and a net current flows which is given by the factor fs for E > ot -
Hence, if tunneling between source and drain can be neglected transport in
ballistic MOSFETsS is determined by the thermionic emission over the potential
barrier generated by the two reversibly poled source-channel and channel-drain

pn junctions.

2.4.2 Double-Gate MOSFET

There appears to be a consensus about the optimal design of an ultra-short
channel device [75, 85] which is the double-gated MOSFET on SOI. Many
theoretical studies have revealed its superior electrical characteristics [84, 50].
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The two gates effectively terminate the drain electric field lines which results
in an efficient suppression of short-channel effects [75]. There is an abrupt
doping profile between contacts and the channel. The device structure of the
double-gated MOSFET is depicted in figure 2.8. It consists of a very thin silicon
film provided with top and back gate separated by very thin gate-oxides from
the channel. Source and drain are degenerately doped (~ 102 cm™3) in order
to keep the depletion zones and series resistances of the contacts as small as
possible. The silicon thickness of the SOI film ts; is in the nanometer range.
The reason for the superior short-channel behavior of the double-gated SOI
MOSFET is the good control of the inversion charge by the gates. In addition,
ideal ultra-shallow contacts are obtained automatically due to the geometry of
the double-gate design [72].

As a rule of thumb for designing such a device, the ratio between gate length
and silicon film thickness should not be smaller than about four in order to avoid
punch-through [86]. Theoretical investigations of ultimately scaled double-

top gate
SiO,

channel
SiO,

bottom gate

Figure 2.8: Ideal short-channel transistor structure. An ultra-thin undoped silicon layer
is provided with top- and bottom-gate. Source and drain are degenerately doped with an
abrupt doping profile between channel and contacts.

gated MOSFETSs prognose functioning devices with channel lengths down to
8 nm for an SOI thickness of 2nm and oxide thickness of 1 .. 1.5nm [50]. Large
transconductances up to 4000 mS/mm are predicted.

However, such double-gated MOSFETSs are very difficult to realize since both
gates have to be fabricated aligned to each other, surrounding a silicon layer
only a few nanometer in thickness.
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3 The V-Groove MOSFET

In recent years there have been proposed and realized many different concepts
for the fabrication of an ultra-short-channel MOSFET [34, 36, 37, 77]. Channel
lengths in the range of 30 nm down to 15nm have been reported in the litera-
ture [13, 33, 38, 83]. With the use of electrically variable shallow source/drain
junctions a MOSFET with 8 nm gate length has even been successfully fabri-
cated [36]. However, this device needs two different gates in order to control
the channel and the leads separately and suffers from very high source/drain
series resistances. Most of the device concepts rely on the use of thin film SOI
material with its advantages for scaled-down transistors. In general, there are
two different strategies which are pursued namely the lateral MOSFET as is
usually done in today’s fabrication processes and the vertical MOSFET where
the MOS structure is tilted at an angle of 90°. Both approaches have their
specific advantages. In the case of a vertical MOSFET the active channel area
can be realized, for instance, with molecular beam epitaxy (MBE) so that very
short channels with atomic precision can in principle be fabricated [47]. Fur-
thermore, a double-gated MOSFET can be realized much more easily than in
the case of the lateral structure. On the other hand, vertical MOSFETSs are
difficult to fabricate since the technology is rather involved and requires many
process steps [47, 33]. A lateral MOSFET layout on SOI offers the ability to
achieve very thin channel regions which allows to reduce the short-channel ef-
fects and to exploit the vertical quantization in order to enhance the potential
barrier of the channel [14, 63]. Additionally, with the use of very thin SOI films
ultra-shallow source/drain contacts are automatically achieved [72].

In the present chapter a concept for the realization of an ultra-short-channel
MOSFET on SOI with lateral layout is introduced and discussed. The concept
relies on a combination of silicon epitaxy and a self-limited etch process which
defines the channel region and separates source and drain. The device layout
has some major advantages which allow the fabrication of MOSFETSs with well-
defined channel lengths in the 10 nm regime.

3.1 Device Principles

Figure 3.1 shows a schematic cross section of the device idea. A highly Sb
doped n* silicon layer (thickness t,) is epitaxially grown on a thin, undoped
p~ silicon film of thickness ¢ being part of a silicon-on-insulator (SOI) wafer.
An appropriate etch anisotropically etches a ‘V’ shaped groove with opening
Ly into the n* layer with the tip of the ‘V’ just touching the p~ region. The
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separated ntt areas serve as source and drain and the channel forms in the
p~ in between source and drain, i. e. in the tip region of the V-groove. A
thin gate oxide separates the channel as well as the n™" regions from a metal
gate electrode. Except in the V-groove region the anisotropic etch cuts through
the whole n™t /p~-stack and isolates adjacent devices from each other. Metal

gate-oxide

metal
interconnect

Zburied oxide \

N\
channel

Figure 3.1: Sketch of the device geometry showing the V-groove obtained with anisotropic
etching of an epitaxial silicon stack. The channel is located between the highly doped n™
regions.

interconnects are used in order to contact the devices. The advantages of this
specific layout are the following:

e With the use of silicon epitaxy an abrupt doping profile is achieved.
No implantation technique is necessary and the borders of the source
and drain contacts are sharply defined by the geometry of the V-groove.
Hence, a well-defined source-drain separation is obtained. The expres-
sion ‘channel length’ and ‘source-drain separation’ can therefore be used
synonymically, referred to as L throughout the next chapters. Note, that
raising source and drain on top of the channel layer with an abrupt dop-
ing profile is actually the optimal way of generating ultra-shallow contacts
which is important in order to suppress SCE. Additionally, due to the high
doping level the parasitic series resistance of source and drain is kept as
small as possible.

e The channel layer is nominally undoped. This is necessary since for very
small channel lengths the distinct configuration of dopant atoms influence
the electrical behavior of the devices as already discussed in the previous
chapter. Additionally, the p~ layer is made thin in order to reduce short-
channel effects.

e Because the V-groove tapers off towards the channel a very short channel
in the nanometer regime can be defined in the tip region of the groove
by a much larger mask at its opening Lg. The required mask opening
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Lo is given by the geometry of the V-groove and depends only on the
thickness t,, of the n* layer. Hence, by choosing an appropriate t,, the
V-groove process can be adjusted to any desired lithographic technique.
As is shown in chapter 5, source-drain separations as short as 10nm can
be achieved with the present approach.

e The device layout inherently brings about a control of having fabricated
a MOSFET with ultra-short channel. If the thickness of the SOI film is
very thin only ultra-short-channel transistors can be obtained, because
in case of the V-groove opening Ly being too large the tip of the ‘V’
cuts through the p~ layer and no transistor action is possible. Thus, the
geometry of the device gives an upper cut-off for possible channel lengths
which is given by the relation L, = 2tg;/tan(c). On the other hand,
if Lg is too small the V-groove does not cut through the entire n™ stack
and source and drain will be shortened. Again, no transistor action is
possible.

e A metal gate is chosen with the advantage that there is no depletion zone
in the gate as it happens to be for poly-silicon and that a metal gate has
a much lesser electrical resistance which is important for high frequency
applications.

The present approach is attractive due to its conceptual simplicity. There are a
lot of technological problems to be solved, though, which are set forth in chapter
5. Obviously, the generation of a proper V-groove is of central interest in the
device concept. A self-limited, anisotropic etch procedure has to be developed
in order to establish a reproducible and reliable technology.
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4 Modeling of MOSFET
Operation

Before going on to the realization of the proposed device concept, simulations of
single-gated short-channel MOSFET on SOI will be performed in order to get
information about the electrical behavior of such devices. Classical calculations
have often failed to predict the electrical characteristics of ultimately scaled
MOSFETS since quantum mechanical effects like the shift in Vjj, for ultrathin
ts; play an important role for such devices. Therefore, a quantum mechanical
simulation has been developed and will be presented here. Many publications
dealing with the quantum mechanical simulation of ultra-small MOSFETSs can
be found in the literature. However, most of these papers incorporate only
some quantum mechanical aspects in their simulations. For instance, either
the enhancement of the effective barrier height in the channel due to vertical
quantization [56] is considered or merely a 1D model perpendicular to the
current flow is employed in order to describe the tunneling current from the
gate to the channel [66, 30, 43]. Other works compute the 2D electron and
current distributions relying on quasi-classical methods but neglect tunneling
through the gate [50] or abandon self-consistency between the quantum and
POISSON equations [49].

In this chapter a quasi two-dimensional model for an ultra-short-channel
MOSFET is introduced and analyzed which fills the gap between the work men-
tioned above in that it combines a full quantum mechanical treatment of carrier
transport with gate leakage in a self-consistent manner. The potential distri-
bution in the direction of current flow will be reduced to a 1D problem making
simulations using the non-equilibrium Green’s function technique [18, 42, 16]
feasible. Vertical quantization is taken into account through an effective barrier
height in the channel. The use of the non-equilibrium Green’s function formal-
ism enables among other things the correct treatment of open boundaries for
a finite computational domain which otherwise is often terminated by artificial
boundary conditions [67, 71].

4.1 The Model

The device concept introduced in the previous chapter is a single-gated, fully-
depleted MOSFET on SOI. Therefore, the model under investigation is chosen
accordingly. In order to simplify the calculations the model is somewhat mod-
ified which is depicted in figure 4.1. A thin SOI film of thickness tg; serves as
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channel of length L which is connected to semi-infinite source and drain con-
tacts. The thickness tp., of the buried oxide is considered as being very large.
The channel is assumed to be undoped whereas source and drain are degener-
ately doped with dopant concentration on the order of some Ny ~ 10% cm™3.
All dopants are fully ionized, i.e. they constitute a constant, positive back-
ground, called the jellium. The channel is seperated from a metal gate by a
thin gate oxide (thickness t,;), typically a few nanometer in thickness. Any in-
fluence of the gate on the n™" contacts is neglected. The width W of the device

channel

Figure 4.1: Model of the single-gated short-channel MOSFET on SOI used for the simu-
lations. The channel length is aligned along the x-, the width along the y-direction.

is directed along the y-direction and is taken large enough so that the assump-
tion of translational invariance along y is justified. As is shown in figure 4.1,
x is directed along the channel length and z along the vertical direction, i.e.
the SOI film thickness. Following YOUNG [90, 89], the original two-dimensional
potential distribution is reduced to an essentially one-dimensional one as stated
in the next section.

4.1.1 Poisson’s Equation

The potential distribution in the MOSFET is governed by a two-dimensional
PoI1ssON equation of the form

2 2 .
(% + %) O(x,2) = Pz, ) (4.1)

In order to reduce the simulation problem to a one-dimensional calculation the
so-called parabolic approximation for the potential distribution ®(x, z) is made
[88, 89, 90]

®(x,2) ~ co(x) + 1(z)z + co(w)2? (4.2)

Equation (4.2) needs three boundary conditions in the vertical direction to be
fulfilled in order to specify the ‘constants’ ¢;(i = 0..2) although there exist four
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conditions namely the potential and electric field at both Si/SiO2 and Si/BOX
interfaces. According to reference [88] the exact value of the potential at the
Si/BOX interface does not need to be specified since the potential essentially
floats at this interface. It is assumed that the buried oxide is so thick that
a finite potential difference across the BOX leads to a negligible field at the
Si/BOX interface. Hence, the following boundary conditions determine the
potential distribution in z-direction

o O(x,0) = Py(x) = co(x), where Oy is called the surface potential
e the electric field at z = 0 is determined by the gate voltage V,

dd oz P — Vi + Vi
753’2) = o 2@ Vot T o (4.3)
z 2=0 €si tox

with V4, being the built-in potential. In the case of an undoped channel
Wi is given by Ag;/2 + Ef where Ay is the energy gap of silicon and Ey
is the FERMI energy relative to the conduction band edge deep inside the
source/drain contact. Hence, V}; is the maximum possible potential bar-
rier height between source and drain. Doping the channel with acceptors
would raise Vj; but is not considered here due to reasons mentioned in
chapter 2. Furthermore, we have assumed a midgap workfunction gate
metal such as tungsten so that Vy, = 0 for an undoped channel. However,
using a metal gate with different work function yields an Vy, # 0 which
would have to be added to V3; in equation (4.3). The effect would simply
be a shift in V.

e at the interface to the buried oxide the electric field is approximately zero
for large tpoq

o By, — D
($>z) — Q;xbs—b(x) :Cl($)+2t5i62(l‘) ~0
dz o €si Lbox (4.4)

Inserting this into the two-dimensional POISSON equation (4.1) and setting
z = 0 one ends up with an expression for the surface potential ®¢(z, z) in the
channel. Thus, the following reduced equation for ® is obtained [88, 56]

dx? €si tsitosx €si

where por(x) is the total charge density which in the contacts includes the
uniform jellium of positive ionized donors. To be explicit, pso is given as follows

M in the channel
€si

prot(T) = (4.6)
—le[(Na — n(z))

€si

in source/drain
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and n(z) has to be calculated quantum mechanically as explained in the next
section. Note, that in source and drain Vj is taken to be zero and V}; is replaced
by the terminal voltages, i.e. zero in source and Vy, in drain. Having calculated
®¢ the full 2D potential distribution can be obtained with equation (4.2) by
computing ¢ 2 from equations (4.3) and (4.4); the potential profile in z-direction
at a particular position z is illustrated in figure 4.3.

A natural length scale A\ appears in the reduced POISSON equation which
plays the role of an effective screening length [2, 88]

d*® Oy(z) — ' :
f(x) _ f(x) Vo + Vo = Prot (%) with A= ﬁtsitow

2 2 A
dx A €si €ox (4.7)

This screening length is due to the particular geometry of the considered device
and has a somewhat different form for double-gated SOI MOSFET (88, 56]. It
has the obvious implication that in order to achieve a small screening length the
thickness of the SOI film as well as the gate-oxide thickness have to be reduced
appropriately when scaling-down the channel length L. Since a small A is
effective in screening the potential variation at source and drain it is inevitable
for scaled-down MOSFETSs in order to suppress the short-channel effects and
prevent punch-through. The channel length has to be significantly longer than
the screening length. Simulations show that the inequality 2\ < L/3 should be
satisfied in order to get proper MOSFET operation’.

4.1.2 Quantum Calculation

As already mentioned, for structures on a geometrical scale considered here a
quantum mechanical calculation of the carrier dynamics is inevitable. Since the
charge of the electrons significantly influences the potential distribution in the
MOSFET structure the induced potential due to electron-electron interaction
has to be taken into account. In the present approach the HARTREE-potential
is included by calculating self-consistently the electrostatic potential from the
PoissoN- and the quantum-equations; exchange correlations are neglected in
the analysis.

The non-equilibrium Green’s function formalism is employed in order to
calculate the quantum mechanical charge- and current-distributions in the sim-
ulated structure since it allows to easily incorporate scattering in the structure
and is capable of simulating an open quantum system by ezactly taking the
coupling to contacts into account [17].

The MOSFET structure is partitioned into three parts as shown in figure 4.2.
Source and drain consist of contact 1/2 and the adjacent intermediate region
which are regions where the electric field in z-direction is non-zero. The spatial
extend of the intermediate regions depends on the screening of the electric field
at the transition to the channel and therefore on the electron density in source
and drain. The computational domain is truncated to the gray-shaded regions

1This is a rule of thumb which empirically emerged out of several different simulations.
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which will be called the device or the conductor in the following. The actual
contacts with zero electric field extending to oo are exactly accounted for
via a particular self-energy function [17, 18]. The computation is numerically
performed on a tight-binding grid with lattice spacing a and nearest neighbor
hopping parameter t. Details of the theory involved and the numerical proce-
dure are given in appendix A.

contact 1 contact 2

V(x)

Vdsl

intermediate channel intermediate
region region

Figure 4.2: Potential distribution of the device. The light and dark-gray shaded regions
represent the computational domain for which the numerical calculation is performed.

In order to describe the dynamics of the electrons in the device the retarded
and advanced Green’s functions have to be calculated. These Green’s functions
are determined by the following equations

[E— H -7 GEF 7 E)=6(F—7) and GA=(GF)'
(4.8)

where the retarded self-energy function ¥ accounts for the coupling to the
contacts, as well as for possible scattering events of electrons in the respective
parts of the structure. Since a non-equilibrium situation is considered the func-
tions G, GP and X", ¥.° are necessary as well (note, that throughout the
text DATTA’s notation is used [17, 18]) which are the electron/hole correlation
function and the in- and out-scattering functions which mediate the injection
and absorption of carriers. The electron correlation function G is given by the
following relation

G"(7, 7 E) = /dFldFQ GE(7, 7, B)S™ (7, 72) G (7, 7' E).

Having calculated G, the local density of carriers follows as

() = 2 x 2i /dE a7, 7, E) (4.10)
™
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where the factor of 2 accounts for spin degeneracy. With this density the
electrostatic potential ®; can be calculated using the particular surface Poris-
SON equation (4.5) derived in the previous section. The resulting potential is
inserted into the HAMILTONIAN H in the equation for the retarded Green’s
function (4.8) of the device. Therefore, equations (4.8), (4.10) and (4.5) have
to be solved iteratively until self-consistency is achieved.

It is well known that the iteration between the SCHRODINGER equation and
the POISSON equation is numerically unstable and does not lead to a converged
solution unless a relaxation factor is included [1]. In particular when dealing
with an open quantum system self-consistency is not trivial to achieve (see the
discussion in [29]) because the number of carriers is not a conserved quantity.
In the simulations of open systems the reservoirs must be able to emit and
absorb particles according to the requirement of overall charge neutrality in
the device and zero electric field at the boundaries to the contacts. Different
strategies are pursued in order to obtain self-consistency. For instance, POTz
employed so-called ‘flexible’ boundary conditions where the FERMI-energies in
the reservoirs are slightly varied to ensure charge neutrality [57]. However, in
the present work a NEWTON-RAPHSON iteration scheme is used (see appendix
C of [42]) which is numerically stable and leads to self-consistency within a few
iterations. Details of the procedure are given in appendix A.

Since the thickness t4; of the SOI film -
- bounded by the gate-oxide and the BOX
- is only a few nanometer, the first two-
dimensional subband due to the quan-
______ tization in the z-direction is energeti-
i E . cally well separated from the conduction
. band edge given by ®;, thereby enhanc-
ing the effective potential barrier height.
Furthermore, the electric quantum limit
[68] is considered here where due to the
quantization only the lowest 2D subband
is occupied which is justified for small
ts;. This subband has the heavy effec-
tive electron mass my, directed along the
z-coordinate and a degeneracy factor of
Figure 4.3: Potential profile in z WO [5]. Therefore, the transport mass is
direction using the quadratic approxima- the light electron effective mass m; which
tion. E7 is the first 2D-subband due to is also used in the HAMILTONIAN for the
z-quantization. 1D calculations. Contributions of higher
subbands are taken into account by a nu-
merical factor according to reference [49] which is justifiable if the fraction of
higher subbands is not too large. This factor is given by 2X (total popula-
tion)/(population of 1st subband) where the 2 is due to the valley degeneracy
of the first subband [49]. For 300K, t;; = 10nm and E; ~150meV the factor
is approximately 2 x 2.1 and for t5; = 15nm about 2 x 3.2, where E; is the
FERMI energy relative to the conduction band edge in the source contact.
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The potential distribution for two different gate voltages is depicted in fig-
ure 4.3 for one point x in the channel. The potential profile is given by equa-
tion (4.2) for a particular surface potential ®;. The position of the first 2D
subband is indicated for the two profiles as well. However, for simplicity the
position of the first two-dimensional subband relative to the conduction band
is approximated by the energy E{‘ of a rectangular potential well> which is
constant throughout the channel and given by

h h%7?

! (4.11)

a 2mht§i
One could compute an E{”(:ﬂ) depending on the position in the channel using
explicitly the parabolic approximation of the potential under the assumption
that it is possible to decouple the z-part of the HAMILTONIAN at each position x.
This approximation holds until the potential variation along the x-direction is
comparable to the variation in z-direction [67, 5] so that for ultra-short channel
MOSFETS the validity can be questioned. A fully two-dimensional calculation
would be necessary in this case.

Since all quantities will be averaged
over z by integrating over z and dividing
by ts; the exact form of the wave function
of the first subband is of no importance
as long as it is normalized so that the
integration over the z-coordinate yields
a factor of one. Translational invari-
ance in the y, z-directions is assumed in
source and drain, i.e. in the contacts
and the intermediate regions for the com-
putation of the carrier density. Hence,
three-dimensional densities can easily be Figure 4.4: Iy contributions from source
obtained by replacing all FERMI distribu- 204 the ‘gate contacts’.
tion factors by the so-called supply func-
tions as stated in appendix A. The supply function is essentially the FERMI-
integral of the order 1/2 multiplied by the energy-independent 2D density of
states. In the channel, translational invariance can only be assumed in the y-
direction whereas in z-direction the quantization has to be taken into account.
Therefore, a special averaging procedure has to be performed which is described
in the appendix. This procedure yields the three-dimensional carrier density of
the first 2D subband in the channel and is also employed to get the 3D cur-
rent density. As was mentioned in section 2.4.1, there is a fundamental contact
resistance R. due to a finite number of current carrying modes in the channel.
Hence, if the width of the device is rather small the assumption of translation
invariance is not valid any more. Here, we estimate the fundamental contact
resistance according to reference [19] to be 709 for a device with a width of
700nm and E; = 150 meV. In order to keep the simulation simple translational
invariance in y-direction is assumed and the current I; is corrected afterwards
by adding R, and Rg4s = Vys/I; which gives for unchanged Vys the corrected

channel

source

| —
gate

2E" is the difference between the band bottom and the first subband.
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current fd what is true for all series resistances. Parasitic series resistances
do not only influence the drain current. The gate voltage is reduced as well
according to ‘N/g =V, — RsIq where Ry is the parasitic source resistance. This
effect is neglected in the present analysis since Ry = R./2 = 352 results only
in a slight change of V.

Care has to be taken with the effective masses. In source and drain the
electron density is computed with the 3D density of states effective mass mg,s =

,3/mhml2 [5]. In the channel the 2D mg,s = /mpm; and the conductivity or
transport effective mass is simply the light electron mass m;.

After self-consistency is achieved the source-drain current through the struc-
ture is calculated according to (see appendix A)

L= W x 2 / AE (fo(E) — fa(E, Vas)) x T(E) (4.12)

where T'(E) is the transmission function for carriers moving from source to
drain and fs 4 are the equilibrium FERMI distribution functions of source and
drain.

For very thin gate oxides direct tunneling of electrons from the gate to the
channel becomes more and more important and increases the current I; in
the subthreshold regime. Hence, the off-current of devices with ultra-thin gate
oxides ‘saturates’ for V;, ~ 0V at the magnitude of the tunneling current. This
means that for V; < 0 the transport is dominated by the tunneling current
from gate to channel, in particular by that part of the gate adjacent to the
drain. For this part of the gate there is only the thin gate oxide as barrier
so that the tunneling current raises with increasing difference Vg3 — V. The
subthreshold saturation of I; can corrupt logic applications due to the lack of an
off-state. Tunneling can be incorporated in the computations by attaching N
‘gate contacts’ with length L/N to the gate oxide along the channel as depicted
in figure 4.4. All these contacts have the same Ey, i.e. they are shortened as is
the case for the real gate. In the limit N — oo a continuous gate follows. For
simplicity, the gate electrode is assumed to consist of the same highly doped n™"
silicon as source and drain. The total drain current is the sum of the current
from source to drain and the part from gate to drain. This is illustrated in
figure 4.4 with arrows going from source to drain and from each ‘gate contact’
to drain. The total drain current is explicitly given by

N
Ii=Ta+ Y Il (4.13)
=1

Again, details can be found in the appendix.

4.2 Simulations

In the following the computations presented above are used to investigate the
electrical behavior of single-gated short-channel MOSFETSs. In particular, the
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influence of the SOI and oxide thickness on the output characteristics is studied.
For all simulations room temperature and a width of 700 nm is assumed. In
addition, the doping concentration in source and drain is always taken to be
3x10% ¢cm ™3 which yields an Ef = 150 meV. According to DATTA et al. [19] the
fundamental contact resistance is estimated to be 70 ) for the chosen width. As
mentioned above, the calculated drain current has to be corrected appropriately
which is done for all simulations displayed below.

4.2.1 A 30nm Device

Figure 4.5 (a) and (b) show typical gray-scale images of the local density of
states versus energy for two different V, and equal bias. Additionally, the
potential profile of the conduction band is shown in the figure as well. The

0.45

-0.15

channel channel
-0.3F | | | | ] 1

0 15 30 0 15 30
L (nm) L (nm)

Figure 4.5: Local density of states for a 30 nm transistor at room temperature. The darker the
image the higher the density of states. The position of the FERMI energies in source and drain
are indicated by the white dotted lines. The vertical black lines illustrate the transition between
channel and source/drain. Parameters for the simulation: Vgs = 0.325V and (a) V; = 0.05V, (b)

V, =0.55V.
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parameters for the calculation are L = 30nm, t,, = 2nm and t;; = 10nm. The
width and the doping concentration have the values stated above; V4 and 'V,
are as indicated in the figure.

The local density of states exhibits the typical structure for energies below
the maximum potential energy due to back-reflection of carriers [40]. Above this
energy a continuum of states is available. The light gray within the potential
barrier indicates a non-zero density of states which is due to the leakage of the
electron wave-function into the potential barrier. A very high density of states
can be seen right above the conduction band edge. Hence, vertical quantization
is not important for ¢5; > 10 nm.

Figure 4.6 (a) shows the corresponding simulated output characteristics of
the device. The range of gate voltages is indicated in the diagram in steps of
0.05V. In the saturation region the drain current increases with a significant
slope which is a clear signature of SCE in this device. A closer inspection shows
a DIBL of 110mV/V, extracted from a direct inspection of the corresponding
potential profile. The relatively high DIBL stems from the fact that the 10 nm
thick SOI and t,; = 2nm results in a large amount of charge in the channel
shared by the contacts and the channel, or equivalently the effective screening

length A = ,/::; tsitox = 7.8nm is too large compared to L. The transfer
characteristics are shown in figure 4.6 (b) for V35 =0.3..0.5V in steps of 0.05 V.

A threshold voltage of V;;, = 0.45V and a subthreshold swing of 87 mv/dec can
be extracted.

(a) (b)
610 103 810+
V. =0.07V
L9 104L 1
4 AVg =0.05V increasing {610%
&\410 210_5- Vds 4
= 100 1410%
2104 i
107} {2104
108} 4
0 - o)
0 01 02 03 04 05 06 0 0.2 0.4 0.6 0.8
Vis (V) Vg (V)

Figure 4.6: Simulated Output (a) and transfer (b) characteristics of a device with 30 nm channel
length. ts; = 10nm, top, = 2nm, W =700 nm.
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4.2.2 Channel-Length Dependence

The evolution of short-channel to long-channel behavior can be seen in fig-
ure 4.7. Transfer characteristics of devices with channel lengths L = 30, 40,
50nm are shown in the diagrams. The parameters are equal to the ones used
so far except that the SOI thickness is 15 nm instead of 10 nm.

(a) (b)

610 109——
Increasing

5r Vds
10°

— 4'10_4' ) ) 2 \
s mcre\;ismg = 1 0.7

ds
2104} 10
1011
O L . 1 L ! ! ! !
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6
Vg (V) Vg (V)

0.8

Figure 4.7: Simulated transfer characteristics of devices L = 30,40, 50 nm for Vs = 0.3,0.4,0.5 V.

The simulations are performed for three drain-source voltages Vgzs = 0.3,
0.4, and 0.5V. The transconductance g, is extracted from these curves which
is listed with the other figures of merit in table 4.1. One might wonder about
the increase of transconductance for the longer devices which is contrary to
experimental observations. The decrease of g,,, with increasing channel length
usually observed in real MOSFETSs is due to the diffusive carrier transport in
the channel. However, for ballistic MOSFETSs where carriers move without
scattering the transconductance should be constant for varying channel length
if SCE are not important. If the channel length is reduced such that short-
channel effects appear, the reversed dependence of g, on channel length is
expected since the gate control of the charge in the channel in the short devices
is much worse than in the longer ones. Nevertheless, the variation of g,,-values
is rather small. Ratios of 1.16 and 1.04 of the transconductances between
the 30/40nm and 40/50 nm devices, respectively, are found which reflect the
discussed behavior.

The curves in figure 4.7 (b) show the subthreshold swing for the three devices.
The MOSFET with L = 50nm has a subthreshold slope of S = 65mV/dec
which is close to the ideal value at room temperature of 60 mV /dec. S increases
with decreasing channel length. For the device with L =40nm S = 80mV /dec
and for L = 30nm S = 95mV/dec. Note, that the bending of the curves
near V; ~ 0 belonging to the 50 nm device is due to the finite energy interval
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30nm 40 nm 50 nm

gm | 3700mS/mm | 4300 mS/mm | 4500 mS/mm

S 95mV /dec 80mV/dec 65mV/dec

Vin 0.36 V 0.48V 0.52V

Table 4.1: Comparison of devices with different channel lengths.

chosen for the simulation. The subthreshold swing increases with decreasing
channel length which is a clear signature of the onset of short-channel effects
in the L = 40, 30 nm devices. Additionally, the subthreshold swing shows with
decreasing channel length an increasing dependence on Vys. This is due to the
DIBL as discussed in chapter 2. The potential barrier decreases with increasing
bias and a higher drain current follows. Values found for the DIBL range from
58 mV/V for the 50 nm to 105mV/V for the 30 nm device.

The threshold voltages are extracted from (a) by a linear extrapolation of the
curve belonging to Vys = 0.5V and are also given in table 4.1. As is expected
for devices with increasing SCE the threshold voltage rolls off for decreasing
channel length.

4.2.3 Going to the Limits

In the reduced PoOISSON equation derived at the beginning of the chapter the
length scale A appears. This effective screening length allows a rough estimate
of the design parameters for a short-channel MOSFET. As already mentioned
the relation 2\ < L/3 has to be fulfilled in order to suppress short-channel
effects. In this subsection the dependence of the electrical behavior on ¢, and
tor is studied in detail. A channel length of 10nm is chosen which is close to
the theoretically predicted limit for MOSFETs with double-gate layout [50].
In contrast to the work of WoONG [84] we will see that in principle MOSFET
operation is possible for such short single-gated MOSFETs.

First, the evolution for decreasing oxide thickness is simulated followed by
the lowering of the SOI film thickness. Tunneling from gate to the channel is
taken into account as described above.

Reducing ¢,

Figure 4.8 shows output and transfer characteristics for MOSFETSs with ts =
5nm throughout. The gate oxide thickness t,, is 2nm, 1.5nm and finally 1 nm
from top to bottom; again, W = 700 nm.
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Figure 4.8: Simulated output and transfer characteristics for a 10nm MOSFET. (a) and (b)
toz = 2nm, ts; = 5nm, (c) and (d) tox = 1.5nm, t5; = 5nm, (e) and (f) to, = 1nm, s = 5nm.



38 4 MODELING OF MOSFET OPERATION

All devices suffer from severe short-channel effects which can immediately
be seen when looking at the increasing current in the saturation region of the
output characteristics and the strong dependence of the subthreshold swing on
Vis. The first device shows the strongest increase of I; in the saturation region.
Even for V, = 0V the drain current significantly increases with higher bias. This
means that the device has no off-state since it can be switched on by raising Vs
alone. This is confirmed by the transfer characteristics. A threshold voltage
cannot be determined since the device is in its on-state even for V; = 0V.
An off-current of ~ 10~* A flows, only one order of magnitude smaller than the
drive current at V;, = 0.7 V. Hence, this device is useless for digital applications.
The second device shows somewhat improved characteristics but still there is
a lack of current saturation and no defined off-state. S > 200mV /dec shows
the bad control of the channel in the subthreshold regime and the off-current is
only 2..3 orders of magnitude smaller than the on-current. A further reduction
of t,, to 1 nm improves the characteristics again but in the subthreshold region
I; saturates at a value similar to the device with t,, = 1.5nm which is due
to direct tunneling from the gate to the channel. The improvement concerning
SCE can be seen at the decrease of DIBL which lowers as 230 mV/V for the first
device, 217mV/V for the second and 185mV/V for the device with minimal
tor- Nevertheless, the DIBL for all three devices is very high and the devices
are inoperative for digital applications.

Reducing t;

Since tunneling would disable the device applicability for even thinner gate
oxides one has to reduce the SOI film thickness in order to further improve the
electrical behavior of the device. An alternative way would be the use of high-k
gate dielectrics. But this has not yet been proven to work as good as SiO9 and
is still a matter of intense research.

The first two diagrams in figure 4.9 show the output and transfer charac-
teristics for equal t,, = 1.5nm and t;; = 3nm and ty;; = 2nm, respectively.
Comparing the four diagrams one observes that decreasing tg; results in re-
duced SCE. The value for DIBL is lowered from 175mV/V to 128 mV /V which
can be seen in the lesser dependence of the transfer characteristics on the bias.
The subthreshold swing is also reduced from 135mV/dec in the first device
to 105 mV /dec in the second one which reinforces the suppression of SCE for
smaller tg;. Furthermore, the threshold voltage is increased from 0.46 V to about
0.65V. This is a quantum mechanical effect since the energetic separation of
the first two-dimensional subband and the conduction band bottom increases
quadratically with decreasing t,; thereby enhancing the effective barrier height
[54]. Therefore, the drive current in the second device is strongly reduced for
Vy = 0.7V. The simulations are extended to higher gate voltages in the case
of (c¢) to (f) to compensate the quantum mechanically induced loss of gate
overdrive.

The last two diagrams ((e) and (f)) belong to a device with t5; = 2nm and
tor = L nm. Vjy is further increased to 0.67 V but due to the thin gate oxide the
drive current is almost twice as big as in the second device. The subthreshold
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swing S = 90mV /dec shows the improved control of the channel by the gate
when compared to the other devices. A DIBL equal to 80 mV/V shows the
efficient suppression of short-channel effects for this device. Tunneling through
the oxide truncates the off-current to ~ 1077 A. The device exhibits a very large
transconductance of 6090 mS,/mm.

Discussion

In order to exhibit acceptable electrical characteristics concerning the short-
channel effects the single-gated SOI MOSFET must have an extremely thin
SOI layer of about 2nm. With a quasi-classical estimation OMURA predicted
heavier SCE for ultra-thin SOI due to an enhanced charge-sharing factor [55].
The results found here are contrary to this since a continuous suppression of
SCE for decreasing ts; could be observed. In contrast to WONG et al. [84]
who predict a threshold voltage roll-off for the single-gated MOSFET thereby
disabling MOSFET operation, we find an enhanced V;;, due to the vertical
quantization. On the other hand the threshold voltage will thereby be increased
to values of around 0.67 V which is rather high for low supply voltages as desired
for today’s semiconductor devices. Hence, for 10nm MOSFETSs the double-
gated layout is favorable which exhibits a better control of the channel charge,
thus reducing the SCE even for larger ts;. If a reduction to a 1D POISSON
equation is performed as stated in section 4.1.1, the effective screening length

is given by 4 /%tsitow so that for equal A the SOI thickness in a double-gated

device can be twice as big as for the single-gated MOSFET of the same length.
Since the energetic separation between the conduction band bottom and the
first subband in the channel is inversely proportional to the square of ¢y the
deterioration due to vertical quantization is much less limiting for the double-
gated device layout.

Nevertheless, MOSFET operation of a single-gated device in the 10nm
regime is, in principle, possible. The subthreshold swing S = 90mV/dec and
a ratio of ~ 10% between on- and off-current meets the requirements for logic
applications. The major challenge, however, lies in the fabrication of a homo-
geneous and extremely smooth 2nm thin SOI film. Variations in t5 due to
roughness would play an important role since they would appear as a varying
effective barrier with specific height for different samples on a chip. This in
turn would result in threshold voltage fluctuations since a variation of £0.2 nm
yields a difference in barrier height of about 42meV. This is almost the ener-
getic difference between the position of the first 2D subband in the t5; = 3nm
and the t;; = 2nm device which resulted in a shift of Vj;, of 0.19V. On the
other hand, MOSFETSs based on a 2nm thin SOI layer have already success-
fully been fabricated which exhibit a homogeneous silicon film thickness [55].
Even devices based on a 1nm thin SOI film were experimentally realized [23].
Although the SOI was inhomogeneous in that case the devices exhibited well-
behaved electrical characteristics. Additionally, gate oxides as thin as 0.8 nm
have recently been demonstrated to work in a MOSFET with 30 nm channel
length [13].
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Figure 4.9: Simulated output and transfer characteristics for a 10nm MOSFET. (a) and (b)
tow = 1.5nm, t5; = 3nm, (c) and (d) tog = 1.5nm, ts5; = 2nm, (e) and (f) tox = 1nm, t5; = 2nm.



4.3 RESULTS 41

Going to smaller channel lengths reduces the gate leakage current so that
such thin gate oxides might work very well in ultra-short channel MOSFETs.
However, producing the required ultrathin SOI remains the most challenging
part in order to get functioning single-gated ultra-short channel devices on SOI.

4.3 Results

In this chapter simulations of a ballistic MOSFET were presented. Using a quasi
one-dimensional model a fully quantum mechanical treatment became feasible.
In particular, the influence of the SOI film and gate oxide thickness on the
electrical behavior of ultra-short channel MOSFETSs has been studied. Addi-
tionally, the presence of potential barriers at source and drain was investigated.
The following results can be summarized:

e The transconductance for ballistic MOSFETSs of various lengths remains
constant or decreases with decreasing channel length if SCE become im-
portant.

e For t,, < 1.5nm direct tunneling from gate to the channel becomes sig-
nificant and truncates the off-state current of the devices.

e MOSFET operation of a single-gated device with 10 nm channel is possi-
ble for ts; = 2nm and t,, = 1nm which show satisfying electrical char-
acteristics. Extremely smooth ultra-thin SOI layers are required for such
a device in order to avoid threshold voltage fluctuations due to vertical
quantization.

For devices with channel lengths exceeding ~ 20 — 30 nm the assumption of
ballistic transport is not justified any more and inelastic scattering of carriers in
the channel must be taken into account. This can be done in the present formal-
ism by including self-energy functions for the respective scattering mechanisms
[42]. Future work on the present simulations has to address the proper incor-
poration of scattering in order to enable realistic simulations even for longer
devices.
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5 Realization of an
Ultra-Short Channel
MOSFET

5.1 The Technology

In the present chapter the technology for the fabrication of the V-groove MOS-
FET introduced in chapter 3 is described in detail. Particular emphasis is put
on the choice of etch-mask materials and the wet chemical patterning of the
source and drain regions.

5.1.1 How to prepare a V-Groove?

It has long been known that silicon
can be etched anisotropically with an ae- [100]-direction
quous KOH solution [65, 22]. Although f
there exist other possible etch solutions I [110]-direction
(such as EDP or TMAH [45, 10, 78]), l -
here, we will restrict the considerations
to KOH because it is non-toxic and easy >
to handle. Therefore, it is used for all N
anisotropic etch steps. ~ ~

’ ’ {111}-planes
The most striking feature of KOH is

that it has very different etch rates for
different crystal planes of silicon. In par-
ticular, the etch rate of the {111} planes
is very small compared to the {100}
planes. On an (100) silicon wafer the
{111} planes enclose an angle of 54.7° with the surface plane and are aligned
along the (110) directions. Hence, in order to obtain a V-groove an etch mask
has to be prepared consisting of rectangular structures aligned along the (110)
directions of a (100) wafer. This is schematically shown in figure 5.1. The
V-groove then consists of two intersecting {111} planes.

Figure 5.1: Schematics of {111} planes
in a Si(100)wafer. The intersection of the
planes forms a V-groove.

In general, the etch rate of KOH depends on the concentration and temper-
ature of the solution [65, 22]. For the transistor to have a homogeneous channel
length along its width smooth etch flanks and (100) surface are necessary. It is
well known that a small KOH concentration leads to wavy {111} planes and to

43
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Figure 5.2: Electron micrographs of two etch flanks generated with (a) 20% KOH and (b) 40%
KOH concentration.

a rough surface of the (100) plane [65, 22]. Figure 5.2 (a) shows an etch flank
generated using a 20 % KOH solution at 30° C without stiring during the etch-
ing. One clearly sees that at the bottom (100) plane pyramidal structures are
formed which would inhibit a proper V-groove generation and shorten source
and drain. In contrast, figure 5.2 (b) shows an etch flank generated with a 40 %
solution and stiring!'. The etch flanks as well as the surface are smooth. There-
fore, a 40 % KOH solution is chosen at a temperature of 30° C; the relatively
low temperature ensures a controllable etch velocity.

KOH Etch Solution (40%)

e 112.5g H20O, 100 g KOH pellets
e add 12.5g isopropyl alcohol at 40° C

e stir during the etching

When etching a silicon (100) wafer with appropriate mask the etching in the V-
groove region essentially stops as soon as the two {111} planes meet. Only areas
not bounded by {111} planes are further etched. For the V-groove MOSFET
this means that everywhere except in the channel region the whole n™* /p~
stack is cut through resulting in an isolation of the devices from each other.
This behavior is shown in figure 5.3 (a) for the case of a silicon (100) wafer. A
mask consisting of two parallel long lines was generated on the wafer which was
subsequently etched in KOH. The (unbounded) etch flank to the right of the
structure is etched much further than the depth of the V-groove. Hence, a self-
limited definition of source and drain and the device isolation can be performed

1Stiring is necessary in order to avoid concentration gradients.
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source

Figure 5.3: (a) self-limited behavior of the KOH etching. (b) TEM image of the V-groove tip.
Lines are added to illustrate the p~ /nt™ interface for a 10 nm device. The TEM image was taken
by CH. DIEKER, Zentrum fiir Mikrostrukturanalyse, Universitit Kiel.

in a single etch step. The self-limiting behavior is of major importance for a reli-
able and reproducible fabrication of the V-groove devices. Figure 5.3 (b) shows
a transmission electron microscope image of the tip of the V-groove. Smooth
etch flanks on a nanometer scale are obtained which is inevitable for the fabri-
cation of homogeneous channels on this length scale. For illustration purposes,
the position of the n** /p~ interface for a transistor with 10 nm channel length
is shown. The radius of curvature is approximately 3 nm which represents the
lower cut-off of possible source-drain separations.

5.1.2 Mask Materials

The preparation of functioning devices critically depends on the formation of a
proper V-groove as the essential part of the device concept which itself depends
on the choice of an appropriate mask material for the KOH etch. In this section
we will therefore discuss suitable materials which can, in principle, serve as etch
masks.

Resist is not useful since it is readily dissolved in alkaline solutions like
KOH. In principle, one can choose between SiOs, SigN4 or a metal which is not
attacked by KOH. Such metals are for example gold, tantalum or chromium
[22, 11]. Metals are advantageous because the samples can be kept at room-
temperature during the evaporation which is important whenever one deals with
a restricted thermal budget, to preserve a distinct doping profile, for instance.
The most straightforward material certainly is SiO2. In the specific case of
the present transistor concept we are limited to a maximum temperature of
600° C to prevent diffusion of Sb from the n™" into the p~, as will be discussed
in section 5.1.5 [7]. Therefore, in order to use SiO2 as mask material a low
temperature oxidation process has to be employed. For this purpose the same
process is utilized as is used for the gate oxidation (see section 5.1.5). This
process yields a high quality oxide with excellent stability in KOH. Thus, rather
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thin oxides of about 50-80 A are sufficient. The SiO, is patterned with wet
chemical etching in buffered oxide etch (BOE) which therefore makes thin oxides
necessary to ensure a good pattern transfer. The definition of a SiOs mask
pattern is depicted in figure 5.4 (a). A resist mask is generated with electron
beam lithography which is used as etch mask for the BOE. After the removal
of the resist mask the V-groove can be prepared with KOH.

(a) (b)

= e-beam resist = 'initial' mask
) e-beam = SiO, mask ) = Cr/Si-Cr mask
(i) == silicon (i) == silicon

e ——

iv) (ii) (iv)

e e

Figure 5.4: Fabrication of V-grooves using (a) a SiO2 and (b) a Si-Cr etch mask prepared as
described in the main text.

Alternatively, chromium can be used as mask material making use of a par-
ticular process schematically shown in figure 5.4 (b). First, the sample surface
is cleaned with an RCA1/2 procedure [39] leaving an approximately 10 A chem-
ically generated SiOs on the surface. Afterwards, an ‘initial’ mask is generated
on the sample surface with the only restriction that it must withstand an HF-
dip. The chemically generated oxide is removed using HF : HoO = 1 : 100
which yields a clean and hydrogen passivated silicon surface [31]. The samples
are mounted in a UHV chamber immediately after the oxide removal and are
subsequently coated with a 20nm thick chromium layer evaporated with an
electron beam gun. The evaporation of chromium on a clean silicon surface
under UHV conditions is known to generate a Si-Cr interface layer about 10-
13 A in thickness [26, 27]. After the evaporation the sample is baked on a hot
plate for one hour at 120° C and subsequently the Cr layer is removed using
commercially available Cr-etch. The Si-Cr interface layer which is not removed
by the Cr-etch step is thus generated only in areas where the chromium was
in direct contact with the clean silicon substrate. Hence, having removed the
‘initial’ mask as well a KOH etch step can be performed since the Si-Cr layer
is not attacked by KOH for usual etching durations. The advantages of this
technique are that no lift-off technique is needed to generate the actual etch
mask since the ‘initial’ mask serves only as shadow mask. Therefore, a great
variety of mask materials and very small mask structures can be used to pattern
the Si-Cr layer. Additionally, the Si-Cr mask is the exact invers of the initial
mask, i.e. a non-deformable mask generation is obtained.
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Figure 5.5: Electron micrographs of V-grooves fabricated with (a) SiO2 and (b) SiCr as etch
mask. Both images were taken under a tilt angle of 70°. The flanks of the V-groove are aligned
along a [110] direction.

Figure 5.5 shows V-grooves etched in silicon using SiO9 (a) and Si-Cr (b) as
mask material, respectively. One clearly sees that both processes lead to the
formation of a V-groove with smooth etch flanks. Thus, both techniques are in
principle useful for the V-groove formation. The drawback of the Cr-technology
is that it is difficult to generate a homogeneous Si-Cr layer extending over the
entire sample which is attributed to the lack of a perfect hydrogen passivation
and contaminations present on the sample surface. This difficulty could be
overcome by removing the chemically generated oxide in nitrogen atmosphere
and by using an ethanol-HF mixture which is known to yield a perfect hydrogen
passivation of silicon surfaces [31, 32].

Due to the reasons mentioned above SiOs is exclusively used as mask material
in the following since better results concerning the homogeneity are achieved.
In addition, it is intended to establish a process which relies on standard pro-
cedures of semiconductor technology.

5.1.3 Etch Mask Definition

The patterning of the SiOs mask for the actual transistor structure was per-
formed using a negative e-beam resist? since only very small parts of the whole
sample have to be covered by SiOs. The advantage of the resist is that it is
e-beam as well as optically sensitive. Whereas the e-beam process is negative
the optical one is positive. In order to transfer the resist pattern into the oxide
mask we desist from taking reactive ion etching (RIE) because it is very diffi-
cult to exactly control the RIE process to stop right at the Si/SiOs interface.
This is important since etching the silicon is equivalent to a widening of the
mask opening. Another important issue is the roughness of the silicon surface
introduced by a RIE step which leads to a non-uniform V-groove formation.
Therefore, we preferred to pattern the SiOs mask with wet chemical etching
using BOE which etches SiOs readily but attacks the highly doped n*™* sili-

2 Allresist GmbH; Resist: AR 7500/107, Developer: AR 300-47
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con only slightly. In addition, rather thin oxides have to be used so that the
transferred SiOs mask has the same shape as the resist pattern. As already
mentioned, the actual thickness was in the range of 50-80 A.

Source/Drain Definition

e resist: 6000 rpm, 5 min, 90°

e pre-patterning: 7s UV exposure, 11 mW /cm?, develop 55
e e-beam: ~400 4C/cm?, water 3 min, UV flood-exposure 3 s
e develop 30s, post-bake 120°C, 1h

e BOE ~12s, remove resist in NMP at 80° C for 2h

e immerse in acetone, IPA and water

e dip in BOE before KOH, 30° C, 40%

e water for at least 5 min

The detailed process is as follows. After spinning the resist with 6000 rpm
it is prebaked at 90° C for five minutes. It is important to rather exactly stop
the baking after five minutes because the sensitivity of the resist on electrons
depends on the time as well as on the temperature of the prebake step. The
resist is then prepatterned with optical lithography so that there is resist only
in the relevant areas of the sample. This is essential because the SiOs marks
for e-beam adjustment are not visible when coated with resist. The optically
positive resist is exposed with UV light for 7s and subsequently developed
5s in the appropriate developer. Afterwards, the sample is mounted into a
scanning electron microscope for the e-beam exposure; a relatively high dose
of about 400 uC/cm? is used. Prior to the development of the resist a UV
flood-exposure for 3s is employed. This drastically diminishes the influence
of the proximity effect [60] and sharpens the resist mask pattern since areas
unintentionally exposed with electrons via the proximity effect are washed away
in the developer due to the UV sensitive component of the resist; only the
virtually exposed areas remain where the electron dose is very high. The actual
time of development is 30s followed by a rinse in DI water. A subsequent
post bake at 120° C for 1h ensures that the resist pattern sticks well to the
substrate and enhances its durability when exposed to BOE. The transfer of
the resist pattern into the mask is done by etching the oxide in BOE up to the
bare silicon surface. This step is easily controlled since clean silicon surfaces
are hydrophobic whereas SiOs is hydrophilic. The resist is then dissolved in
1-methyl-dipyrolidon (NMP) at 80° C for about 2h. Subsequently, the samples
are immersed in acetone, isopropyl alcohol and DI water. Immediately before
KOH etching the samples are dipped in BOE in order to remove the native oxide
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(=~ 1 nm thick) and hence any contamination present on the sample surface. The
KOH etch step is done with the 40% solution mentioned earlier followed by a
thorough rinse in DI water for at least 5 min which removes all K-ions.

5.1.4 Mask Geometry

As is well known from micro-electro-mechanical-systems (MEMS) technology,
(for a recent review see e.g. [22]) when etching silicon anisotropically in KOH
convex corners are etched very rapidly since they are dominated by fast etching
planes [65, 11, 64]. This is an unwanted effect because with increasing etching
time the shape of the etched structure differs more and more from the originally
intended one. The result of this effect is shown in figure 5.6 (a) which is an
electron micrograph of a convex corner covered with a SiOo mask. The area
enclosed in the broken line is the silicon dioxide mask which has been undercut
by the KOH etch. The undercut is dominated by the fast etching {221} planes
[64]. In the present transistor concept, for the isolation of source and drain,
convex corners naturally appear so that one has to take care of the actual
geometry of the etching mask. If the width Wy of the V-groove and thus
the transistor is too small the preceding undercut at the corners leads with
increasing etching time to a consumption of the active transistor area. We
therefore chose a mask geometry as is shown in figure 5.6 (b) where one long,
straight structure (=2 pm) is opposite and parallel to a structure of various
width Wy. As indicated, the two opposite structures represent source and drain
each having two leads to enable four terminal measurements. The advantage of

Figure 5.6: (a) Electron micrograph of the undercut of convex corners during KOH etching.
The etching is dominated by fast etching {221} planes. (b) Geometry of the transistor structure
generated in a Si(100) wafer. The structure enables four terminal measurements.

this particular geometry is that the long part does not change its shape since
there are no convex corners in the relevant area whereas the opposite part can
be adjusted so that V-grooves and thus transistors of various widths can be
fabricated.
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In the case of figure 5.6 (b), the undercut of the SiO2 mask at the corners of
the drain pattern reduces the effective width (indicated as Weg ) of the transistor
compared to the original intended width Wy. Thus, a substantial difference
between Wy and Weg has to be taken into account. Since a corner compensation
(cf. [59, 22]) is not possible in the present case because it would connect the
right and left part of the structure the only way to get a functioning device is
to make the width Wy of the SiOs mask long enough to prevent the undercut
from consuming the active transistor area. Knowing the required etch depth,
the width of the mask Wy can be adjusted accordingly in order to reproducibly
fabricate V-grooves of a certain width. In general, we find a ratio of ~1:0.85
between etch depth and mask undercut at convex corners. For example, a
ntt/p~ stack of 100 nm thickness requires a mask with a width of at least
2 X 85nm.

5.1.5 Gate Oxidation and Metal Gate

After the V-groove formation a thin gate oxide has to be grown in order to
isolate the gate electrode from the channel as well as from the V-groove flanks
belonging to source and drain. In order to avoid the diffusion of dopants from
the highly doped epitaxial n*™ layer into the p—, i.e. to preserve the abrupt
doping profile, the thermal budget is restricted to a temperature of 600°C
[6]. Therefore, a special gate oxidation process had to be developed which is
explained in detail now.

The temperature for dry thermal oxidation with reasonable growth rates
exceeds by far 600° C. On the other hand when performing a wet thermal ox-
idation the pyrogenic reaction between hydrogen and oxygen must for safety
reasons take place at approximately 750° C. Therefore, a possibility for a low
temperature oxidation is to use wet thermal oxidation and establish a tem-
perature gradient in the oxidation furnace keeping the sample temperature at
600° C. This scenario is schematically shown in figure 5.7.

The oxidation rate of the wet ther-

mal oxidation process is approximately

0, 5A/h and therefore yields a controllable
@ E_I growth rate for very thin gate oxides.
! i i i The actual procedure makes use of a
2 source center load dry-wet-dry cycle which enhances the
T=750°C T=675°C T=600°C ©°xide quality [6]. Prior to the oxida-
tion the sample is dried in nitrogen for

1h at 600° C. The best results are ob-

Figure 5.7: Schematics of the tempera-  tained when the samples are cleaned with
flt;iz gradient in a standard oxidation fur- RCA1 and RCAZ2 right before the oxida-
tion, thus starting the oxidation proce-

dure with the RCA2 generated 10 A thin

SiO5. Samples which are dipped in HF before the oxidation in order to remove
the native oxide show worse results since the incomplete hydrogen passivation
of the sample surface does not yield a homogeneous oxide formation during the
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dry oxidation part of the whole cycle. Therefore, all oxides are grown with the
RCA2 generated oxide as starting point which is at the same time the lower
cut-off of the available oxide thicknesses.

Due to the importance of the gate oxide for the performance of the devices
the oxides are characterized by current versus voltage, capacitance versus volt-
age, and parallel conductance versus voltage measurements [6]. Tungsten is
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Figure 5.8: (a) Leakage current densities for low temperature wet thermal and high temperature
oxide. (b) Leakage current for n/p-doped wafers with different orientation.

chosen as gate electrode material. It has the advantage of a midgap work-
function and is therefore a candidate for advanced CMOS technology [52]. A
50 nm tungsten layer is evaporated immediately after the gate oxidation which
is patterned with optical lithography and wet chemical etching in HoO2 at room
temperature.

The leakage current densities for oxides prepared with this oxidation proce-
dure on p(100) silicon substrates are shown in figure 5.8 (a) for various thick-
nesses ranging from 20 A to 33 A. In the range shown in figure 5.8 (a) the leakage
current is dominated by direct tunneling. For comparison, the leakage current
densities of two oxides with thickness equal to 26 A and 30 A grown at elevated
temperatures in dry oxygen are plotted as well (dotted lines). As can be seen
the wet thermal oxidation procedure yields high quality oxides comparable to
the high temperature oxides grown in dry oxygen.

Figure 5.8 (b) shows the leakage current densities over a wider voltage range
for a thickness of 40 A and 45 A grown on a p(100) and an n(111) substrate,
respectively. Note, that the orientations of the test wafers are chosen according
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to the realities of the device which the oxidation procedure is developed for.
The onset of breakdown is around 12 MV /cm independent of the orientation
of the wafer. Furthermore, an interface trap density of 8 x 10'%cm=2eV~! is
found [6] confirming the high quality of the low temperature oxide.

An important point has to be addressed concerning the dependence of the
oxide thickness on the orientation as well as on the doping level. It is known
[51] that the oxidation of [111] oriented silicon yields an increased oxidation
rate of about 20% compared to [100] oriented silicon. Additionally, the oxide
thickness on highly (102° cm™3) doped silicon is approximately 30% higher than
on lightly doped silicon. Thus, for the actual device the gate oxide on the V-
groove flanks is expected to be ~1.5 times the thickness of the gate oxide in
the channel region. This is favorable since a much better isolation between
source/drain and the gate is obtained due to the exponential dependence of the
direct tunneling current on the thickness of the gate oxide. Additionally, the
parasitic capacitance between gate and source/drain is reduced.

5.2 A Real Device

Having developed a suitable technology for processing the V-groove transistors
the question now is whether the technology is transferable to the actual epitaxial
material system. All steps until now were exclusively done on simple silicon
(100) wafers. The next sections are devoted to answer this question and show
the outcome of the fabrication process.

5.2.1 The Material System

As mentioned above the material system consists of a degenerately doped silicon
nTT layer grown with solid phase epitaxy (SPE) on a thin nominally undoped
p~ (~ 5x 10" ecm™3) silicon on insulator (SOI) wafer®. The SOI layer is thinned
down to 10 - 15 nm using cycles of dry thermal oxidation and etching with HF.
The deposited amorphous silicon film recrystallizes when annealed at a temper-
ature of 600° C. The advantages over usual molecular beam epitaxy are the high
doping level accessible only with SPE [70] and the low process temperatures not
exceeding 600° C which prevents the Sb dopants from diffusing. Hence, abrupt
doping profiles can be realized with this technique [69].

The thickness of the n™" layer is intended to be around 100nm in order
to get mask openings in the range of 140 nm, easily accessible with electron
beam lithography. A transmission electron microscope image of the material
package with a 15nm p~ and a 30nm n™" layer is shown in figure 5.9; the Cr
on top of the sample enhances the contrast of the image. The n™ shows the
formation of twin defects starting at the interface to the p~ substrate. These
twins always appear but do not limit the use of the SPE grown films for the
V-groove formation since they do not affect the self-limiting etch behavior.

3Unibond®, S.0.1.TEC, France
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" Box

Figure 5.9: Transmission electron microscope image of the epitaxial silicon stack. A 30 nm
n*T layer is grown on a 15 nm nominally undoped SOI wafer. The TEM image was taken by
J. BENEDICT, IBM Semiconductor Research and Development Center, Hopewell Junction,
New York.

The most delicate part of the growth of the epitaxial silicon stack is the
cleaning of the SOI wafer right before the epitaxy. There are essentially two
ways to do that. First, the wafer is cleaned with an RCA procedure [39].
As already mentioned, the RCA2 leaves the sample surface with a thin oxide
layer. This layer is heated off under UHV conditions in the MBE chamber at
elevated temperatures immediately before the actual epitaxy. The process has
the advantage that a clean surface is achieved but has the drawback that it
induces a relatively high roughness on the sample surface [32]. The second way
is to do the RCA1/2 cleaning procedure as before but to remove the chemically
generated SiO» immediately before mounting the sample in the MBE chamber
relying on the hydrogen passivation of the silicon surface [32]; the hydrogen
passivation is subsequently heated off at a temperature of 600° C for 5 min under
UHV conditions. No roughness is induced using this procedure but an interface
layer one or two monolayers in thickness remains between n™ and p~ which
is only slightly attacked by KOH. This interface consists of SiOx and carbon-
hydroxides due to an incomplete hydrogen passivation and contaminations of
the silicon surface prior to the MBE [31, 32].

A vertical roughness of the sample surface is essentially equivalent to a hor-
izontal roughness of the etch mask along its width which would result in an
inhomogeneous V-groove formation that cannot be tolerated. Therefore, all
samples are grown with the HF-dip before the epitaxy although it is difficult
to control the composition of the resulting interface layer.
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Cleaning Procedure

SC1, 65° C, 5min

e HF:H,O=1:100

SC2, 65° C, 5 min

HF-dip immediately before mounting the sample in UHV chamber

heating off the hydrogen passivation: 600° C, 5 min

Particular care has to be taken during the cleaning of the SOI wafer in order
to minimize the effect of the interface layer since contaminations are known to
strongly deteriorate the crystalline quality of SPE silicon films [3]. Further-
more, if the interface layer is too strong that it is not attacked by KOH the
devices will not be isolated from each other and no well-defined channel area
can be obtained. On the other hand, a moderate interface is advantageous as
is revealed by the transmission electron micrographs shown in figure 5.10. This
figure shows V-grooves etched in a p~/n™" material system generated with the
second cleaning method described above. All images were taken from the same
sample but with different V-groove openings L increasing from (a) to (f). Im-
ages (a) and (b) show V-grooves with openings so small that the whole n*+
layer is not cut through. Thus, left and right side, i.e. source and drain, are
shortened. The V-grooves in images (c) and (d) have an appropriate opening
whereas (e) and (f) are too large so that the entire n™" /p~ stack is cut through.
The images reveal the effect of a moderate interface layer: for (c) and (d) the tip
of the V-groove is flattened since the KOH attacks the interface only slightly.
As long as the flat area is not too large the interface can withstand the etch. If
this area gets enlarged ((e) and (f)) the interface layer and thus the p~ is cut
through and no device action is possible anymore. Thus, a moderate interface
allows for the device isolation but yields desirable flat channel regions. This
is particularly important when the p~-thickness is reduced for a better control
of short-channel effects. For example, the maximum source-drain separation
Lpar for a 5nm p~ SOI film without consuming the whole p~ by the KOH
is only about 7nm when the usual V-groove geometry is encountered. Thus,
the interface layer makes it possible to utilize very thin SOI films in order to
suppress short-channel effects and to exploit the vertical quantization without
carrying the channel to unreasonably short lengths.

A further inspection of image (c) shows that a separation of 10 nm between
the two triangularly shaped n™ " regions (i.e. source and drain) can be achieved.
This demonstrates the ability of the present approach to provide nanometer-
scale control for the fabrication of 10 nm MOSFET devices.
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Figure 5.10: V-grooves generated in an n™*/p~ silicon stack. The etch mask opening Lo
increases from (a) to (f). (c) and (d) have appropriate openings for a functioning device.
Due to the interface layer the channel area is flat. Image (c) has a source-drain separation of
only 10 nm which proves the feasibility of the V-groove approach to generate ultimately short
source-drain separations. The TEM image was taken by J. BENEDICT, IBM Semiconductor
Research and Development Center, Hopewell Junction, New York.
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5.2.2 Optical and Electron-Beam Lithography

The first step of device fabrication is the generation of a hard mask consisting
of a low temperature SiOy (LTO, typically 100 nm in thickness) which is raised
on the sample surface. This LTO is patterned with optical lithography and
wet chemical etching in BOE. Care must be taken with the arrangement of the
optical pattern since it must allow the active structure to be aligned along a
(110) direction.

The hard-mask pattern can be seen
in figure 5.11 which allows to contact

?::Jen::;f:ects four devices each having two leads for the
source contact and two for the drain con-
tact. As an example, four such contacts

G belonging to one device are indicated

with numbers 1..4 (dark gray). The four
rhombs around the optical mask pattern

‘/_ﬂ. serve as marks for the adjustment of the
‘ K electron beam lithography. The actual
@1 device is patterned with electron beam

2 4

lithography within the optical mask pat-
tern as stated in the next section. The in-
set shows how the e-beam pattern (dark
gray in the inset) for the V-groove fits
into the LTO mask. The contact pads
at the end of the n™ leads will be con-
tacted with aluminum interconnects as the last step of the whole fabrication
process (after the removal of the LTO at the pads).

Figure 5.11: Hard-mask pattern. 1/2
are leads to source, 3/4 to drain.

Having transferred the optical resist mask pattern into the LTO the resist
mask is ashed in an oxygen plasma and the sample is cleaned with RCA1/2.
The next step is the generation of the thin SiOs mask for the KOH etch step
using the low temperature wet thermal process. This oxide is patterned with
the negative electron-beam procedure explained in detail in section 5.1.3 and
the geometry introduced in section 5.1.4. The progression of the subsequent
KOH etching can actually be seen due to interference of light reflected at the
top surface and the Si/SiOg. The etching is stopped as soon as the BOX is
reached followed by a thorough rinse in DI water in order to remove all K-ions
from the sample surface. Afterwards, the samples are cleaned with RCA1/2.

Figure 5.12 shows the device without gate-metallization etched in the
nTt/p~ material system. The dashed line is directed along the channel length.
This image has to be compared to figure 5.6 (b). It can be seen that although
the flanks of the V-groove in the epitaxial silicon stack are not as smooth as in
bare silicon the process nevertheless yields the desired V-groove between source
and drain. A width of 700 nm is taken from a magnification of this SEM image
showing the already mentioned deviation between the originally intended width
Wy = 1000 nm and the effective width of the processed device.
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Figure 5.12: Device without gate-metallization fabricated in the n™t /p~ silicon stack.
Measured devices are cut through along the dashed line to facilitate TEM images. The
device has four terminal, source/drain and two additional voltage probes denoted ‘v.p. 1/2’.

5.2.3 A Complete Device

The final steps of the device preparation are the gate oxidation, the preparation
of the tungsten gate and the metal interconnects which allow measurements in
a probe station. The gate oxidation proceeds as described above. Immediately
after the oxidation a 50nm tungsten layer is deposited on the sample surface
which is patterned using optical lithography and wet chemical etching in HoOs.
The interconnects are patterned with optical lithography and standard lift-off
technique. A 100 nm thick layer of aluminum is chosen as interconnect material.
Right before the evaporation of the interconnects the LTO is removed at the
pads of the optical mask (see figure 5.11) in order to ensure a good electrical
contact between the aluminum and the n™". Finally, an additional aluminum
layer is patterned with optical lithography and lift-off in order to enhance the
contact between the tungsten gate electrode and the appropriate interconnect
(see appendix D). Afterwards a forming gas step at 400° C is performed to
anneal the interconnects-n™ silicon contact and to reduce the interface trap
density of the gate oxide. Figure 5.13 shows a complete sample. A total of
four devices is present which are connected by the n** leads to the aluminum
interconnects. A significant overlap of the gate metallization and the active
device area is tolerated because in order to show the feasibility of the approach
presented in this thesis only DC measurements are made.
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Figure 5.13: A complete device. The LTO pattern with four devices is connected to
aluminum interconnects via the n™ leads.

5.2.4 Deviations from the Ideal Behavior

After having taken all measurements the samples are cut through in order to
take TEM images?. These images are necessary to unambiguously determine
the source-drain separation, i.e. the channel length. Moreover, they give de-
tailed information about any deviation of the fabrication process from the ideal
behavior presented at the beginning of this chapter. Figure 5.14 shows a cross-
sectional TEM image of the device (compare with figure 3.1). The V-groove
in between the n™" regions is clearly visible. To the right and to the left of
source and drain the entire n™* /p~ stack is cut through as is required for de-
vice isolation. The whole structure including the tungsten gate is covered with
aluminum serving to enhance the contact between gate and its belonging inter-
connect. Of particular interest is the behavior of the tungsten gate layer. Due
to the wet chemical preparation the tungsten is cut through at convex bends
(see appendix D) which results in a quasi self-aligned gate process in that the
electrically relevant part of the gate in the V-groove is isolated from the rest of
the tungsten gate. Obviously, in order to make use of this self-alignment, when
thinking of high frequency applications, the aluminum has to be removed from
the sample surface.

A closer look at the actual V-groove in figure 5.15 (a) reveals several effects
concerning the interplay of the KOH etch with the epitaxial material. First,
the original opening Lo was 100 nm whereas the TEM image shows an opening
of 170nm. This cannot be explained by the mere fact that the oxide mask

4The samples are cut through along the dashed line in figure 5.12
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Figure 5.14: TEM image of a functioning device. The image was taken by PH. RICE,
IBM Research Division, Almaden Research Center, San Jose.

opening is wider than the negative e-beam resist mask due to the wet chem-
ical preparation with BOE. One has to assume an increased etch rate of the
{111} planes of the highly Sb doped n** when compared to usual silicon. This
assumption is supported by the fact that right at the V-groove opening the
n™T material is partly etch ‘inversely’, i.e. there is a shallow V-groove rotated
at 90°, also bounded by {111} planes. This effect always exists even in ‘nor-
mal’ silicon but is usually very small and appears only when etching very long.
From the geometry of the V-groove in figure 5.15 compared to a V-groove in a
Si (100) wafer with Lo = 100nm an etch rate of the highly doped material of
about 2.5 nm/min is deduced when a time of ~10 min to cut through the n™+ is
taken into account. Thus, an etch ratio of {111} planes between normal silicon
and the highly doped epitaxial material of 2.5 follows. The increased etch rate
of the highly doped silicon also explains the behavior of the tungsten gate at
convex bends. The part of the SiOs mask which is undercut by the KOH plays
the role of a shadow mask for the tungsten so that the tungsten is disconnected
at every etch-flank.

Due to the increased etch rate of the n™" a source-drain separation of about
36nm is achieved (see figure 5.15 (b)) although a V-groove mask opening of
Lo = 100nm would in fact lead to a shortened device. The exact channel
length is difficult to determine since the {111} planes are in the case of the n™+
material not as smooth as they are with bare silicon as already discussed.

Figure 5.15 (b) shows that the p~/n™" interface layer is already slightly
attacked. This implies that samples with larger source-drain separations may
have a relatively inhomogeneous channel area since only areas where the inter-
face layer between n™ and p~ was strong enough the p~ is not cut through.
Hence, only p~-islands connect source and drain in devices with larger Lg. It
is therefore expected that such devices exhibit a reduced effective width.
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/shallow
V-groove

Figure 5.15: TEM image of the V-groove device. (a) shows the etch behavior of the n™,
(b) is a magnification. The image was taken by PH. RICE, IBM Research Division, Almaden
Research Center, San Jose.

The thickness of the gate oxide is determined from a further magnification
of the TEM images to be ~3.5nm on the V-groove flanks and ~2.6 nm in the
channel region. This results in an 1.35 higher oxidation rate of the V-groove
flanks consistent with the expectation of an enhanced growth rate for highly
doped (111) silicon surfaces as discussed in section 5.1.5.

5.3 How to Align the Gate?

In the actual device a significant overlap of the gate and the device is tolerated
since only DC measurements are made to show the feasibility of the present
approach. In order to facilitate high frequency applications the gate overlap has
to be reduced which requires a self-aligning process for the geometrical scales
considered here. As was shown above due to the wet chemical patterning of the
tungsten gate such a quasi self-aligned process is automatically achieved. How-
ever, a deliberate process which ensures a small gate is desirable, in particular
if one thinks of patterning the tungsten gate with e.g. reactive ion etching. A
self-aligned process can be established when the etch mask for the generation
of the V-groove serves at the same time as mask to pattern the gate. For the
tungsten gate desired here a lift-off process is the means of choice. Figure 5.16
schematically shows how the process works in principle. Starting point is again
the epitaxial silicon stack covered with SiOy (light-gray) and an additional layer
(gray). First, this layer is patterned and afterwards the SiO2 using the negative
e-beam process described above (a). Since the oxide is etched isotropically the
mask is undercut a certain amount. Next, the KOH etch step is performed
followed by the gate oxidation and the evaporation of the tungsten gate layer
((b)and (c)), typically about 50 nm in thickness. The last step is a lift-off pro-
cess using the additional layer as lift-off mask and the tungsten solely remains
in the tip of the V-groove (d).
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Figure 5.16: Sketch of the self-aligning gate process. An additional mask layer (gray)
serves as lift-off mask after the tungsten has been evaporated on the sample surface.
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The process flow of the V-groove MOSFET severely limits the materials
which can be used as KOH etch- and lift-off mask at the same time. The
following constraints have to be met:

1. The material must not be etched by KOH.
2. It has to withstand the wet thermal oxidation.
3. A selective etch relative to tungsten and silicon must exist.

4. It must withstand a short dip in BOE.

The most straightforward way would be to combine etch- and lift-off mask in
a thick SiOs. On the other hand the lift-off in HF could attack the gate oxide.
Therefore, a two-layer etch/lift-off material system has to be used. SizNy can
be used as additional layer since it can be etched by hot H3PO4 which attacks
neither silicon nor SiOg (see appendix B). Furthermore, Si3Ny is not attacked
by KOH and withstands the thermal oxidation.

However, in order to show that this process works in principle, 50 nm
chromium is used as the additional layer which can be etched selectively by
commercially available Cr-etch relative to SiO2 and tungsten (see appendix B).
Whereas the patterning of the chromium layer is done with Cr-etch at room
temperature (etch rate approximately ~120nm/min) the lift-off process is done
with Cr-etch heated to 50° C which very rapidly etches the chromium thereby
washing away the tungsten on top of it as well. The results of the process are
shown in figure 5.17 (a) and (b). Both images show a V-groove with the SiO,
mask to the left and right. In the V-groove there is tungsten which was left
there after the Cr-lift-off. The borders of the tungsten are rather rough which
is attributed to two facts. First, the chromium mask which serves as shadow
mask for the tungsten in the V-groove region has itself rough borders due to
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Figure 5.17: The self-aligning gate process. Both images show a tungsten gate in the V-groove
patterned with a lift-off technique using chromium as mask. The images were taken at a tilt angle
of 70°.

the wet chemical patterning; a process using reactive ion etching would be ad-
vantageous here. Second, the tungsten is, although only slightly, attacked by
the hot chromium etch (see appendix B).

Of course the process in this form cannot be used for the actual transistor
because the gate oxidation has to be carried out with the chromium layer on top
of the sample. This would deteriorate the Cr during the gate oxidation so that
it cannot be used for the lift-off process afterwards. On the other hand the self-
aligning process realized above shows a way of how to fabricate an appropriate
gate for the V-groove MOSFET. This approach has to be transferred to SizNy
for the actual V-groove device in order to facilitate high-frequency applications
for future samples. Technological problems, in particular the patterning of the
SisN4 mask, remain to be solved in order to use the self-aligned process for
device application.

5.4 Results

In conclusion, the findings of the present chapter can be summarized as follows

e A technology for the fabrication of ultra-short channel MOSFETSs has
been developed and successfully accomplished.

e The material system can be fabricated with sufficient crystalline quality
with the desired thickness. V-grooves with satisfying shape can be etch
into this material system.

e A moderate interface layer is favorable for the fabrication of flat channels
and inevitable when preparing MOSFETSs on ultra-thin SOI films. Device
isolation is possible with such an interface layer.

e The ntt material shows different etch rates in KOH than usual silicon. In
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particular, the {111} planes are etched faster with a rate of approximately
2.5 nm/min.
e Devices with 36 nm source-drain separation have been fabricated.

e A way to fabricate a self-aligned tungsten gate has successfully been
demonstrated.
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6 Measurements and Results

After the fabrication, the samples are characterized by I — Vgs and Iy — V
measurements. All measurements are performed with a HEWLETT PACKARD
semiconductor parameter analyser and are presented in the following. Func-
tioning devices were obtained for samples with original V-groove openings of
100, 110, and 120 nm. For larger openings the p~ was cut through and no tran-
sistor action could be measured. The effective width of the devices is extracted
from the 100nm device and is 700 nm. For convenience, the geometrical data
of the samples is displayed in table 6.1. Measurements presented in this section

tg;:  15nm tn: 105nm
toz: 2.6nm tor on V-groove flank: 3.5nm
Lo: 100 .. 120nm W = 700nm

Table 6.1: Geometrical Data

are representative for devices having the same V-groove opening. Although the
actual channel length was determined with TEM images only for the transis-
tor with Ly = 100nm to be 36 nm we anticipate channel lengths of 46 nm and
56 nm for the devices with V-groove opening Lo = 110 and 120nm. This is a
reasonable assumption because the TEM images (see figure 5.15) showed a reg-
ular V-groove formation so that the channel length variation is according to the
variation of Ly. The devices are therefore referred to according to their channel
length L. Four terminal measurements were performed in order to obtain the
intrinsic terminal voltages which are otherwise masked by the parasitic source
and drain resistances caused by the respective n™* leads. Output and transfer
characteristics were measured at room temperature as well as low temperatures.
One of the major benefits of the V-groove approach is that MOSFETs with dif-
ferent channel lengths can be fabricated reliably and reproducibly. Because
of the unique combination of a self-limiting generation of the device with an
abrupt doping profile the V-groove concept allows the fabrication of samples
with a well-defined channel length and channel length variation in ~ 10nm
steps. This is a major advantage when compared to other ultra-short-channel
MOSFETS relying on ion implantation or annealing techniques.

65
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Figure 6.1: TEM image of a device with Lo = 100nm. A channel length of ~36 nm can
be taken from the image. This is the shortest channel length of devices fabricated with the
V-groove approach to date. The image was taken by PH. RICE, IBM Research Division,
Almaden Research Center, San Jose.

6.1 Room-Temperature

For the room-temperature measurements a special probe station equipped with
six probes and the capability of flushing the sample space with nitrogen was
used. After flushing the sample 24 h in dry nitrogen four terminal measurements
were done in a crossed configuration, as indicated in figure 5.12. This configura-
tion ensured the most homogeneous current flow and was therefore used for all
measurements. During the measurements the leakage current through the gate
oxide and the BOX was monitored. It never exceeded values of 10 - 100 pA.
The I — V characteristics shown below are representative for different devices
having the same L.

6.1.1 I-V Characteristics

As already mentioned, the present approach allows the fabrication of devices
with defined channel length and channel length variation. This enables the
investigation of the geometrical influence of the samples on the electrical be-
havior. Figure 6.2 shows the I; — Vs as well as the Iy — V,, curves of samples
with L =56, 46 and 36 nm from top to bottom; the range of gate voltages is as
indicated in the figure with steps of 0.1 V. The actual figures of merit are listed
in table 6.2 for all three devices. Two different values for the threshold voltage
are given in this table depending on the way this entity is extracted from the
measurements. From a linear extrapolation of the I; — V; curves the threshold
voltage is extracted which is referred to as Vt}l in the table. The alternative
method is to extract the threshold voltage from the linear regime of the output
characteristics (see below). Values found with this method are higher and are
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referred to as Vﬁl The DIBL can be quantified for drain-source voltages in the
saturation region at V; ~ 0V as described at the end of section 2.3.1.

The output characteristics show a consistent evolution of devices with de-
creasing channel length. The drive current and the transconductance increase
with decreasing channel length whereas the threshold voltage (Vt}L in table 6.2),
the off-current I,;; and the DIBL increase at the same time. Furthermore,
the subthreshold swing gets larger for smaller channel length. The output and
transfer characteristics (a) to (f) show the continuous evolution from a device
with rather long-channel behavior to a transistor exhibiting short-channel ef-
fects. Current saturation can only be observed for the longest device (a). The
shortest device has a significant DIBL almost twice as much as the other two
samples.

56 nm 46 nm 36 nm

drive current | 93 pA/pm | 214 pA/pm | 490 pA/pm

S| 80mV/dec | 90mV/dec | 160mV /dec

gm at Vgg =1V | 220125 570 15 900 25
Vi 0.32V 0.26V 0.22V
%4 0.53V 0.51V 0.5V

DIBL at V=0 | 128mV/V | 171mV/V | 314mV/V

Loprat Vyg=0,Vgs =04V | 1.1x1071 A | 4x1071°A | 2x1078A

Table 6.2: Figure of merits of three V-groove MOSFETS.

Consider the curves in figure 6.2 and (b). The Iy — V, curve is plotted
for several drain-source voltages in steps of 0.1 V. In the subthreshold region
the curves for different Vg are almost the same. This means that the switching
behavior of such a device is only slightly dependent on the drain-source voltage.
Hence a well-defined off-state exists as is expected for a transistor with long-
channel behavior. This is reflected in the value for the subthreshold swing
S = 80mV/dec and DIBL of 128mV/V. The device has a transconductance
of gm = 220 uS/pm at Vys =V, = 1 V. The increase of Iy for V, < —0.2V is
typical of fully depleted SOI devices. For large negative V; holes in the valence
band can travel through the channel region from drain to source, resulting in an
increased I [61]. Figure 6.2 (c) and (d) show output and transfer characteristics
for a device with a nominal V-groove opening of 110 nm, i.e. anticipated channel
length of 46 nm. The following observations can be made.
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Figure 6.2: Output and transfer characteristics of devices with L = 36, 46 and 56 nm. The range
of applied voltages is as indicated in the figures with AV, = AV4, =0.1V.
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The drive current is increased to 214 A /pm, the transconductance at Vg =
Vy = 1V is now g, = 570 uS/pm. The smaller channel length results in a
stronger appearance of short-channel effects which is reflected by the strong Vs
dependence of the subthreshold transfer characteristics; the DIBL is raised to
171mV/V. From the linear I; — Vj plot a slightly lower threshold voltage Vt% =
0.51V than for the L = 56 nm device is found. The transfer characteristics
figure 6.2 (d) show a subthreshold swing of S = 90mV /dec.

The shortest device fabricated with the V-groove approach to date is the
36 nm device. Output and transfer characteristics are shown in figure 6.2 (e)
and (f). The device exhibits SCE which is reflected in the loss of current
saturation in the output characteristics. In addition, the transfer characteristics
also show a device with short-channel behavior. The subthreshold curves exhibit
a significant dependence on Vj,, a result of the strong DIBL in this device,
reflected in the numerical value of 314mV/V. The SCE lead to a worse gate-
control in the subthreshold region resulting in a relatively large subthreshold
swing S = 160 mV /dec. Vt% is lowered only slightly to 0.5V.

Geometrical Issues

Figure 6.3 shows the transfer characteristics of the three devices for high bias.
The slope of the curves for the highest V, (see figure 6.3) is used to extract the
transconductance of the devices which is divided by the width W = 700 nm.
Looking at the numerical g, values listed in table 6.2 a strong decrease of
transconductance is observed. These values were obtained with the assumption
of an equal width W for all three devices. However, the strong decrease can-
not be explained by the channel length variation alone. As mentioned above
the regular V-groove formation during the fabrication of the devices justifies
the assumption of a channel length variation in 10 nm steps. Additionally, we
exclude a statistical variation of device geometry from device to device being
responsible for the decrease of g, since samples with the same V-groove open-
ing show the same electrical characteristics. Therefore, it is believed that the
strong decrease in transconductance is due to a reduction of the effective width
of the devices with larger V-groove opening Lg. The behavior of the KOH etch
and the interplay with the interface layer present between n™" and p~ was
already discussed in chapter 5. It was found that with increasing Ly it is more
likely that the KOH cuts through the interface layer. Since the interface layer
is inhomogeneous, source and drain in devices with large Ly will be connected
only by p~-islands thereby reducing the effective width of the device.

The idea of p~-islands is supported by an analysis where the channel length
is extracted from the linear regime of the output characteristics. For low Vs
and V; > Vi, the MOSFET behaves like a resistor whose resistance should
decrease with Vj or conversely, its conductance G4, should raise linearly with
Vy. If Ggs versus V; is plotted for a Vy, in the linear regime, one observes
that instead of the expected linear increase the curves tend to saturate for
larger V,. This happens if an additional series resistance R, between source
and channel or channel and drain exists which is not or only slightly influenced
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Figure 6.3: Transfer characteristics of the devices with L = 36, L = 46 and L = 56nm
with VdS > Vsat-

by the gate voltage. Then, as the intrinsic conductance of the channel raises
with increasing V; the overall conductance is more and more dominated by
the additional resistance. Such a parasitic resistance can consist of the usual
spreading resistance [9], the fundamental contact resistance already mentioned
in section 2.4.1 [19] and/or a resistance due to the particular device geometry
or fabrication. If the resistance R, is subtracted from the G4, — Vj curves a
straight line is obtained when the correct value of the parasitic resistance R, is
encountered. This is shown in figure 6.4 (a) which shows a G4s — Vj plot. The
gray curves are the measured curves whereas the black points are the belonging
corrected values which lie on a straight line. The black points are obtained by
subtracting a varying test resistance from the Gy, — V, curves until they yield
a straight Ggs — Vj-line. Thus, the numerical value of the parasitic resistance
as well as the intrinsic conductance of the channel is obtained from the linear
dependence of G4, on Vj,.

Having found the intrinsic values of G4 the channel lengths of the devices
can be estimated as follows in order to check the assumption of a channel length
variation in 10 nm steps. If for the moment an equal width for the three devices
is assumed, then R, should be equal for all three devices. The numerical value
of R, ~ 300(2 is determined from the curve belonging to the 36 nm device
and is subtracted from the Gg4s — Vj curves of all three devices. If furthermore
diffusive transport in the channel is assumed so that the intrinsic conductance of
the channel should scale as 1/L and knowing the channel length of the shortest
device the channel lengths of the other two samples can be obtained. The
ratio of the intrinsic conductances of two devices (taken with V; = 1V from

the corrected Ggs — V; plots) scales reciprocal to their channel lengths, e.g.
Gs6/Gas = L0/ L3¢, With L0 = 36 + AL! and L°¢ = 136 + AL! + AL? and
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the values of G; (i = 36, 46, 56) the equations can be solved to give AL'2.
Channel lengths of L3 = 36 nm, L*6 = 63nm and L% = 188 nm follow what is
contrary to the assumption of channel lengths stated above. Additionally, the
latter channel length of the device with Ly = 120nm is far too large to yield
a functioning device. The KOH would cut through the whole silicon stack for
such source-drain separations. Hence, a variation in the width of the devices
must be responsible for the reduction in conductance with increasing V-groove
opening L.

Therefore, a closer inspection of the Ggs — V; curves is necessary. Since
we have evidence for a decreasing width W with increasing channel length the
parasitic resistance R, should increase as well. The following is done in order
to get an estimation for the variation of W.

1. Due to the reasons mentioned at the beginning of this chapter we take
the channel lengths to be 36, 46 and 56 nm.

2. The width of the 36 nm device is 700 nm taken from the SEM image 5.12.

3. The resistance R, must scale as 1/W. For example, the spreading re-
sistance R, and the fundamental contact resistance R, are given by the
following expressions [9, 19]

_ 2p; xj _mh T
Rsp = W In <O75gj‘_c> RC = 62W 2718 . (61)

where p; and x; are the resistivity and depth of the contacts and z. is the
depth of the channel; ng is the 2D surface carrier density. Hence, plotted
versus 1/W all values found for R, should lie on a straight line which in
addition has to cross the origin

4. The intrinsic conductances Gy, scale as W/ L.

The analysis proceeds as follows: For all three devices a maximum and minimum
value of R, is subtracted from the respective Ggs — V;; curve such that the
resulting curve is still linear. In addition, a value in between is subtracted, too.
Hence, we get three R, values and the corresponding intrinsic conductances G 4.
Since we already know the width of the 36 nm device the values of R, for this
device can be drawn in a plot R, —1/W which are the black circles in figure 6.4
(b). Because all R, values must lie on a straight line which crosses the origin
in this plot the gray-shaded cone represents the area where possible pairs of
R,—W values can lie. Hence, with the ratio Gss/Gas = W36/ Wae X Lag/L3s and
equivalently for the 56 nm device the widths of the 46 nm and 56 nm samples,
Wi 56, can be calculated for all nine combinations of Gszs/Gae and is then
plotted in the R, —1/W-plot. The dark-gray circles are obtained for the 46 nm
device and the light-gray circles for the 56 nm device. All circle fall into the
area of the cone so that on principle all these values are possible ones. Table 6.3
displays the values obtained for the devices with this analysis. Additionally, the
recalculated values of the transconductances g,, with the new widths are given
as well.
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Figure 6.4: (a) Measured conductance (gray curves) of the three devices in the linear regime. The
resistance R, as well as the intrinsic conductances are obtained from the corrected curves (black).
(b) Possible pairs of R, — W values for the three devices.

56 nm 46 nm 36 nm

R, | 600..80012 280..340 Q2 | 200..300 €2

W | 230..280nm | 500..560 nm 700 nm

gm at Vg =1V | 550..670 25 | 710..800 5 | 90 18

Table 6.3: Parasitic resistances and recalculated widths and transconductances of the de-
vices.

The recalculated values for g, show a much more reasonable decrease with
increasing channel length, consistent with the anticipated channel length vari-
ation.

The corrected curves in figure 6.4 (a) also allow the extraction of the thresh-
old voltage. The intercept of the linear fit with the Vj-axis determines Vjj,. The
numerical values are given in table 6.2 referred to as Vt%

Comparison with Theory

When comparing the experimental results with the simulations presented in
chapter 4 the first thing to mention is the transconductance. The analysis of
the previous paragraph has revealed that g,, decreases with increasing channel
length. This is the typical behavior of MOSFETSs with diffusive carrier transport
through the channel. The simulations on the other hand have shown that
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for ballistic transport g, remains rather constant or even shows the reverse
dependence on channel length if the SCE become important. Therefore, at
least the 46 nm and the 56 nm device exhibit diffusive transport and deviations
between simulated and experimental curves are expected.

Figure 6.5 shows a comparison between simulated output characteristics (a)
and the characteristics of the 36 nm device (b). The parameters for the simu-
lation as described in chapter 4 are extracted from the electrical measurement
and the structural information obtained by the TEM images. Ng =6x10" cm™3
— Fy = 53meV (see section 6.2), W = 700nm, t5; = 9nm and t,, = 2.6nm.
ts; was taken as the minimum thickness of the p~ silicon layer as can be seen
in figure 6.1. The calculated I; of the output characteristics is corrected to

600 _
V;=0.0.7V 100F V=0.0.7V
AV, 0.1V -
< 400} -
= —
200 | -
0 . == 5
0 01 02 03 04 05 06

Vds (V)

Figure 6.5: Comparison between simulated (a) and experimental (b) output characteristics.

account for a total parasitic resistance of 300 2. The simulated curves show a
very similar behavior as the experimental ones although the drive current and
transconductance is higher. The following fact has to be considered. Although
the drain current has been corrected according to a parasitic resistance of 300 €2
the gate voltage has not. The displayed Vj is the intrinsic gate voltage which is
smaller than the external one if there is a significant parasitic source resistance.
Such a resistance degrades the gate drive according to V;”t”” = V;J”t—RsowceId.
In the simulated curve in figure 6.5 (a) this means that for e.g. the curve belong-
ing to V; = 0.6 V the external gate voltage is ~0.64 V when the source resistance
is taken to be R,/2 = 150Q. From the plot in (b) we estimate a current of
70 uA at Vy; = 0.64V so that the simulated device exhibits ~4 times the drive
current of the experimental device. The transconductance, g,, = 3690 mS/mm,
is a factor of four larger, too.

Inelastic scattering of carriers in the channel due to e.g. electron-electron
and electron-phonon interaction [25] neglected so far must be included in the
simulations in order to get a conformity with the experimental curves. However,
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ballistic carrier transport in MOSFETS is predicted to occur for L below 50 nm
at 77K [49] in undoped channels so that we believe that the simulations will
describe the transport in our shortest devices properly at lower temperatures.

6.1.2 Where are we?

In order to appreciate the device characteristics obtained with the V-groove
approach the parameters of the I = 36 nm device are displayed in table 6.4 to-

gether with values published by other groups most recently [83, 38, 13].  The
Intel NEC UCB V-groove
gate length 30 nm 24nm 15nm 36 nm
gm 1200 25 1000 25 400 25 900 25
tow 8A 25 A 40A 26 A
drive current | 514 22 at 0.85V | 796 42 at 1.2V | 190 &2 at 1.2V || 490 42 at 1.1V
Vin 0.3V 0V 0.1V 0.5V
S 100 2¥ 180 ¥ 150 &Y 160 &Y
Losy 100 22 300 22 80 22 280 24

Table 6.4: Comparison with other state-of-the-art devices.

electrical characteristics of the V-groove MOSFETSs are comparable to state-
of-the-art devices. Since the geometrical parameters like #,, and gate length
directly influence the behavior of the devices a closer inspection is needed in or-
der to classify the V-groove MOSFET. For instance, the thinner the gate oxide
the better the control of the charge in the channel. Therefore, the transconduc-
tance as well as the drive current should be increased for decreasing gate oxide
thickness. Hence, our values compared with the ones from INTEL are excellent
because t,, of the V-groove MOSFET is three times larger than that of the
INTEL device. Moreover, in order to compare our device with the NEC sample
the gate overdrive V;, — V}; has to be considered instead of Vj;. Thus, an over-
drive of 0.6 V yields a drive current of 490 A /um in comparison to 796 pA /pum
at an overdrive of 1.2V for the NEC device. Furthermore, the channel length of
the V-groove MOSFET is the longest of the four devices. Hence, although some
of the data found by the other groups are better the V-groove MOSFET has an
enormous potential to outperform the data presented above. The present V-
groove MOSFET has an minimum SOI thickness of ~9nm and a t,, = 2.6 nm.
As was discussed in section 2.3.3 decreasing ty; yields improved electrical be-
havior concerning SCE due to an increased portion of gate-controlled charge
in the channel. Additionally, a reduction of t,; also results in a suppression of
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SCE and increases the drive current. In order to estimate the improvements
that can be obtained by simply reducing t,; to 5nm and t,, to 1.5 nm keeping
the channel length at 36 nm, simulations are performed. Figure 6.6 (a) and (b)
show the output and transfer characteristics for a device with t;; = 9nm and
tor =2.6nm; (c) and (d) refer to the devices with ty; = 5nm and ¢,; =1.5nm.
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Figure 6.6: Simulated output and transfer characteristics for the 36 nm device with t,; = 2.6 nm,
ts; = 9nm ((a) and (b)) and with ¢,z = 1.5nm, ts; = 5nm ((c) and (d)). The gate voltage changes
in steps of 0.05V.

The obvious improvement when looking at the characteristics of the two
devices is confirmed by the numerical values of g,,, S and Vy,. These val-
ues change from the thick-channel to the thin-channel device as follows. gy, :
3690 45 — 4630 43, 5 : 100 55 — 67 2% and Vi, : 0.36 V — 0.55V and DIBL:
130mV/V — 14mV/V. The subthreshold slope for the improved device has
almost the ideal room temperature value which shows the excellent gate con-
trol in the off-state of the device. DIBL is suppressed very efficiently what is
reflected in the numerical value and can be seen in the transfer characteristics.



76 6 MEASUREMENTS AND RESULTS

In order to compare the drive currents only the gate overdrive V; — V}y, is con-
sidered which yields values of 6.3x107% A at 0.7V—V};, = 0.34V and 4x107* A
at 0.7V—=Vy, = 0.15V, respectively. This means, that the device with smaller
tsior has a drive current almost equal to the device with t5; = 9nm although
the gate overdrive is less than half as large. The transfer characteristics in
(d) show a saturation of I; for small V, due to tunneling from the gate to the
channel. Therefore, the off-currents of both devices are approximately equal.

The electrical behavior is significantly improved for the thin-channel, thin-
oxide device in all important figures of merit. Hence, decreasing t; o, allows to
reduce the channel length without deteriorating the performance of the device
by severe SCE. The roll-off of V;, accompanying the reduction of the channel
length is desirable here in order to get a gate overdrive large enough for high
drive currents using low voltage power supplies’. A reduction of channel length
will further improve the characteristics of the real devices since scattering of
carriers in the channel is more and more suppressed.

All in all, a significant improvement of the already excellent device charac-
teristics obtained so far is expected when the silicon and oxide thickness will
be reduced. Both, smaller ts; as well as t,, have already been successfully
demonstrated.

6.2 Low-Temperatures

Temperature dependent measurements of the I — V' characteristics are taken
in order to study the behavior of the MOSFET in more detail. In particular,
potential barriers at source and drain - if present - should have an impact at low
temperatures, although they are obviously small enough that they do not dis-
turb electron transport at room temperature. For this purpose devices are used
which were fabricated according to the technology presented in the previous
chapter from the same wafer. The difference between the two types of samples
is that for the latter we used a lower concentrated KOH. This KOH solution
does not attack the interface layer that much as the higher concentrated does.
Thus, devices with significantly longer channel length have been produced. As
mentioned above, for devices with longer channels there are only p~-islands
connecting source and drain which is also true for the devices presented here.
Hence, the effective width is significantly reduced and the devices used for the
low temperature measurements show a much lower drive current than the de-
vices presented so far. Since the samples were fabricated from the same wafer
we believe that the findings presented in this section can be transferred to the
former devices.

First of all, the electron density and mobility of the n™ silicon layer is char-
acterized with longitudinal transport and HALL-effect measurements. Hallbar
structures made of the n™" material are patterned together with the transistor
structures. Measurements were done in a 3He evaporation cryostat. It is found

1Alternatively, a gate metal with smaller work function can be used to tune V.
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Figure 6.7: Temperature-dependent mobility and conductance of the n** epitaxial silicon.

that in the temperature range between 0.3 and 80 K the density of carriers is
actually constant at a value of 6 x 10" cm™3. We therefore assume a constant
density, i.e. fully ionized donors, over the entire temperature range from 0.3 -
300 K. The actual doping density therefore is about 6 x 10 cm™3, a bit smaller
than originally intended.

Figure 6.7 shows the temperature dependent mobility of the n™ and the
conductance which are related by ¢ = enu, o« p for constant n. The values
for the carrier density and conductance are in agreement with values found
in literature [73]. Furthermore, the temperature dependent source-source and
drain-drain resistance is measured. This is necessary because the low tempera-
ture measurements could only be done in two-terminal configuration since our
low-temperature equipment did not allow four terminal measurements. The
measured values of the source-source/drain-drain resistance are divided by 2
due to the symmetry of the layout in order to get the parasitic source and
drain resistance. It was found that both resistances are almost temperature
independent with a value of 20 k).

6.2.1 I-V Characteristics

The low temperature measurements are performed in a liquid nitrogen cooled
probe station capable of cooling the samples down to 80 K. Output characteris-
tics are taken between 80 K and 200 K. In the range of the output characteristics
considered here, the two terminal resistance is so large that the 20 k() parasitic
resistances of the leads can actually be neglected. The data is shown in fig-
ure 6.8 for T' = 200, 170, 130, 100 and 80K (from (a) to (e)). The range of V, is
indicated in the diagrams. At 170 K the output characteristics show the onset
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Figure 6.8: Low temperature output characteristics. (a) 200K, (b) 170K, (c) 130K, (d) 100K
and (e) 80 K. The range of gate voltages is as indicated in (a) for all diagrams.
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of an exponential increase in I, for low bias. An exponential increase in I; for
small bias is typical of two reversibly biased SCHOTTKY diodes [91]. Hence, this
is a clear signature for the existence of potential barriers at source and drain.
These barriers are such that they do not play a significant role at higher tem-
peratures since the exponential behavior in the output characteristics vanishes
for temperatures exceeding ~170 K. In addition, for gate voltages V; > 2V the
exponential behavior vanishes as well.

The output characteristics can be used to estimate the potential barrier
height Vigrr. If the logarithm of I is plotted versus 1/7 for a fixed Vg in
the range of the approximately exponential increase of I, the plot consists
of two straight lines with different slopes. The slope belonging to the higher
temperature part of the plot is due to thermionic emission over the potential
barrier whereas the other part is due to tunneling through it [73]. The first
slope is equal to Vj,-. This procedure is repeated for several V. The obtained
barrier heights are plotted versus 1/Vys which should lie on a straight line. Thus,
the linear extrapolation to Vgs = 0 gives the actual value of Vi, [73]. If this
analysis is done for different gate voltages it can be seen that the barrier height
depends on V. This dependence is displayed in figure 6.9 (a) which shows a
decrease of Vp. with increasing gate voltage. Such a behavior can be a result
of the variation in the thickness of the gate oxide along the channel. Due to
the enhanced oxidation rate of the n™ on the V-groove flanks and due to the
special geometry the vertical distance between gate and channel underneath
the oxidized n*T is increased to about 6 nm in comparison to 2.6 nm on the
p~ in the channel. Therefore, the gate drive is significantly reduced in these
areas. This is illustrated in figure 6.9 (b) where the black region represents the
density of carriers in the channel region which is much smaller at source and
drain. The carrier density per unit area in the channel is usually assumed to

(@) (b)
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Figure 6.9: (a) Dependence of barrier height on V,. (b) Magnification of the channel region
showing the inversion layer (black) in equilibrium. Due to the enhanced oxidation rate and geometry
the gate drive is reduced at source and drain.
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be proportional to the oxide capacitance and gate overdrive ngy = Coz(Vy — Vip,)
with Cop = €04 /tor [76] so that ng is decreased by the factor 6/2.6 ~ 2.3. Hence,
the fundamental contact resistance (see equation (6.1)) is increased by a factor
1.5. Simulations have shown that a potential barrier of ~ 120 meV does not
influence the electrical behavior of the simulated devices at room temperature
because these barriers are of the order of the potential barrier represented by
the channel. For room temperature the amount of carriers which overcome this
barrier and enter the channel is so high that the potential profile in the channel is
not much altered when compared to the situation without the barriers. At lower
temperatures less carriers are able to enter the channel due to the barriers which
significantly influences the potential profile in the channel and therefore the
electrical behavior. Hence, the existence of potential barriers does not collide
with the analysis of the previous section where we have taken the resistance
R, to be independent of V,, since the potential barriers apparently do not have
an impact at room temperature. However, the exact nature of the potential
barriers is to date an open question we are still working on. In particular, four
terminal measurements at lower temperatures than 80 K will give new insights.

6.3 Results

The results of the present chapter can be summarized as follows:

e The V-groove approach is capable of producing ultra-short channel MOS-
FETs with state-of-the-art electrical characteristics.

e MOSFETSs with the same nominal channel length show equal electrical
behavior. This proves the reproducibility of the V-groove approach. Fur-
thermore, it shows that MOSFETs with defined channel lengths can be
fabricated which is an important issue concerning the applicability in cir-
cuits.

e Simulations show that the device characteristics can drastically be im-
proved if the SOI film and gate oxide thickness is reduced for the next
batch of samples.

e Low temperature measurements give evidence for the presence of potential
barriers at source and drain. These barriers are low enough so that they
are irrelevant at room temperature but appear at temperatures below
~170 K. Barrier heights of about 0.12eV are found and are attributed to
the reduced gate drive in the regions between channel and source/drain
contacts.



7 What Comes Next?

The continuously decreasing size of today’s MOSFET devices makes new con-
cepts for both, theoretical simulations and experimental realizations of ultra-
short channel devices necessary. In the present thesis both aspects have been

addressed.

Quantum mechanical effects play an increasingly important role in today’s
state-of-the-art devices. Modeling of a single-gated, ballistic SOI-MOSFET has
therefore been performed with a self-consistent solution of the PoOISSON and
the quantum transport equations. Additionally, a concept for the fabrication
of ultra-short channel MOSFETSs has been introduced and the technology in
order to realize this concept has been developed.

Fully quantum mechanical simulations become increasingly important as
channel lengths reach the regime with L < 30nm because even at room tem-
perature electrons move ballistically through the channel on these length scales.
Without scattering the wave nature of the electrons becomes important and in-
fluences the transport in ultra-short channel devices. The quasi two-dimensional
approach presented here enables the computation of the quantum transport
equations of carriers traversing the channel. Additionally, vertical quantiza-
tion due to the confinement of the carriers in ultra-thin SOI films as well as
tunneling through the gate is taken into account. The simulations presented
so far show that in principle MOSFET operation is possible for single-gated
devices with 10nm channel length. However, extremely thin SOI and oxide
layers are needed. Whether such transistors can be experimentally realized de-
pends crucially on the feasibility to fabricate extremely smooth ultra-thin SOI
films. The theoretical analysis of such ultimately scaled devices has shown that
a roughness of 10% of the SOI thickness yields threshold voltage fluctuations
which disable circuit applications. The formalism used here, allows to incorpo-
rate inelastic scattering. Future work has to address the inclusion of inelastic
scattering what is inevitable in order to correctly describe electron transport in
devices with larger channel lengths.

The technology developed in this thesis enables the reproducible fabrica-
tion of ultra-short channel MOSFETSs. It has been proven that source-drain
separations of 10 nm are feasible with the V-groove approach. Hence, devices
with such short channels can in principle be realized in order to explore the
limits of today’s CMOS technology. The main advantages of the V-groove
approach are the abrupt doping profile accessible with solid phase epitaxy and
the freedom to adjust the fabrication process to every desired lithographic tech-
nique. Thus, it is possible to produce devices with significantly smaller channel
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lengths than the present lithographic technique is able to produce. Due to the
quasi-self limiting etch behavior during fabrication a reliable and reproducible
technology has been developed. Ultra-shallow source and drain contacts due to
epitaxially grown highly doped silicon together with the use of thin SOI films
efficiently suppresses short-channel effects. MOSFETSs with a minimal channel
length of 36 nm have been processed and characterized by measuring their I —V
characteristics at room temperature and at low temperatures. State-of-the-art
electrical behavior could be observed for these samples when compared to the
most recent devices fabricated by other research groups. However, the present
approach still has an enormous potential for improving the characteristics and
for a further miniaturization. The SOI film thickness can be reduced by a fac-
tor of three, the oxide thickness by a factor of 1.5. In addition, the doping
concentration of the epitaxial n™* material can be increased by a factor of 2.
With these alterations major improvements of the electrical characteristics are
expected which is supported by simulations. Additionally, it is believed that by
reducing the SOI and gate oxide thickness a significant reduction of the channel
length is possible without corrupting the device’s performance by short-channel
effects. The main difficulty remains the production of appropriate epitaxial ma-
terial. The challenges lie in the generation of the high doping level combined
with a good crystalline quality. In addition, a moderate interface layer between
n™T and p~ has to be generated which plays an important role when extremely
thin SOI films are employed.

Future work will deal with the reduction of all geometrical dimensions of
the V-groove devices and with the fabrication of appropriate gates in order to
facilitate high-frequency applications. An approach how this can be accom-
plished has been given but has not yet been fully worked out. The technology
has proven to be reliable and reproducible so that it can be used unchanged
for the production of further miniaturized devices. Besides that, low tempera-
ture measurements have to be performed in order to determine the transport
mechanisms in the V-groove MOSFET. In particular, the comparison with the
quantum mechanical simulations developed here will provide insight into the
nature of carrier transport in ultimately scaled MOSFETs.



A Computational Issues

In this appendix a detailed description of the theory used for the quantum
mechanical simulations in chapter 2 is given. The first part is devoted to the
quantum mechanical aspects of the computations, the second gives some details
of the numerical procedure.

A.1 Nonequilibrium Green’s Function Formalism

Starting point is a discretized version of the HAMILTON-operator H on a tight-
binding grid with lattice constant a. For the one-dimensional problem consid-
ered here H is given in matrix notation by the expression [17]

Vi+2t 1=
Hij = —t 4,7 nearest neighbors (A.1)
0 otherwise
where the coupling parameter t = ﬁ and Vj; is the potential energy at grid

point i. The light effective electron mass is used for the calculations since the
electric quantum limit is assumed [68]. In this case, transport effective mass
equals m; and the transverse mass is my. The discretization scheme is depicted
in figure A.1 showing the potential distribution of the device, too. The shaded
regions, i.e. the device and the intermediate regions, are the computational
domain. The attached leads L; are taken into account analytically as described
below. The Green’s function of H in matrix notation is!

1 1
(H-G)yy =0 = GRA = “[Ex1-H in] (A.2)

where the ‘4’ sign stands for the retarded and the ‘—’ sign for the advanced
Green’s function. A ‘-’ denotes a matrix multiplication which is equivalent to an
integration over the internal spatial variable of the continuous representation.
Note, that G4 is normalized to dij/a which as a — 0 results in the usual
§(z — 2') of the continuous formulation. Hence, G4 can be calculated simply
by inverting the matrix [F x 1 — H £ in].

For the calculation of an open system the coupling of the conductor C' (i.e.
the device and the intermediate regions in figure A.1) to semi-infinite leads
L; can be accounted for ezactly by a retarded self-energy function 27 of the
following form [17]:

SE=12gBG,5)  with x4 = (2F) (A.3)

"Matrices are written in Sans Serif
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intermediate channel intermediate
region region

Figure A.1: Sketch of the computational domain C. The domain is partitioned onto a
grid with lattice spacing a, nearest neighbor hopping parameter t. Two semiinfinite leads
L1 ,2 are attached to the device.

where (i,7) are points in the lead k adjacent to the conductor C. Since the
Green’s function of the semi-infinite lead gf can be computed analytically one
is able to replace the infinite problem by a finite one taking the effects of the
leads into account through the self-energy function X4, For the 1D case of a
conductor connected to two leads the retarded self-energy has a rather simple
form

ZR = —1 exp(ikla) X M1 — texp(ikNa) X MN (A4)

where the only non-zero element of the matrices M y are the (1,1) and (IV, V)
element, respectively. k1 = \/2mE/h2 and ky = \/2m(E — Vys)/h2 with Vg
being the drain-source voltage.

The local density of states is proportional to the imaginary part of the re-
tarded Green’s function N¢ (i, E) = —3 2ImGE(4,i) = £=Ac(i,4). The function
Ac is called the spectral function which can be written in the following form

Ac =GE& TG =GE. [i(=" - oY) - G& (A.5)

In equilibrium the calculation of Gg would be sufficient to deduce any observable
from this function. Since we deal with nonequilibrium transport we usually
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need the functions G and X™P (throughout the text the notation of DATTA
[17] is used), too, which are the in/out-scattering and electron/hole correlation
functions, respectively. In the following the subscript C' is suppressed for clarity.
These functions are given in matrix notation by the following expressions

G"=GE.xin.gA and GP = Gt yout . G4 (A.6)

However, as long as fully coherent transport is considered a simplification can be
done. As is well known from the studies of mesoscopic transport phenomena [17]
carriers flowing into the conductor C' from the left and right lead, respectively,
can be considered as being distributed according to the distribution function
of the respective lead. If the contacts are in thermal equilibrium the functions
nin, = fO(E — Ey)lyq and B4 = (1 — f0,(E — E}))l,q with Ty =
i(Eﬁd — Eﬁd) = —QIm(Efd) can be split up into two parts referring to carriers
originating from source and drain. Hence, G" can be written as G" = Gf*. X" .
GA 4+ GE. ¥ . G* and the electron density is [18, 17]

n; = % /dE f3(B = E)A(,1) + f§ (B — E})Aq(i, i) (A.7)

with A 4(i,7) being the diagonal elements of the local density of states for
carriers originating from left (source) and right (drain). The FERMI energies
in source and drain are fixed by the terminal voltages and E]Sc — E;cl = Viys.
Equation (A.7) is intuitive since the density is simply a product of an occupation
factor times the local density of states.

The terminal-current of contact [ (i.e. source or drain) per unit energy is
given by [17]

il(E) = 2—;Tr (S GP — 2. G"] (A.8)

where the factor of 2 is due to the spin degeneracy and 1 is the current carried
per unit energy by an occupied mode of energy F.

Up to now all calculations were merely one-dimensional. In order to solve
the POISSON equation and the equation for the current we need the three-
dimensional expressions of the Green’s functions computed so far. As stated in
section 4.1.2 for the calculation of the carrier density translational invariance
in y, z-direction is valid only in the contacts. In this case the averaging is
straightforward. The energy variable in the 1D expressions is simply the total
energy minus the transversal part £ = F; — Ej, . Therefore, in order to
get a 3D averaging one simply has to integrate over the transverse momentum
variable, i.e. one simply has to replace the FERMI function by the so-called
supply-function [18].

s,d
6 0S8 E 7 - E S
> folB+ By, — ByY) = 22k T (1 + exp (f—» — Fy(E5" — Eur)
wh? kT I
ki (A.9)

where my,s is the 2D density of states effective mass and the factor of 6 is due
to the six equivalent valeys [5]. In order to get a three-dimensional expression
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for the electron density in the channel and the current the 1D expressions
obtained so far have to be averaged over the transversal coordinates. We begin
by rewriting the expressions for the terminal current in the source contact in
the following way with source as contact s and drain as contact d
~ 2e 0 0 2¢. .0 _ 40
i(E) = 7 AT [fsTs-Aq — fqTs - Ad] = E(fs — Ja) Tr[[s - Ad] (A10)
A.10

Three-dimensional expressions are obtained if A; g and I'; - Ag in equation (A.7)
and (A.10) are replaced by their 3D counterparts. The 3D expressions of the
spectral functions A, g4 are also needed for the computation of the electron
density according to equation (A.7) which will be demonstrated now.

The assumption is made that in the channel region of the device translation
invariance is present along the y-direction (i.e. along the width of the transis-
tor). In the z-direction only the first two-dimensional subband is taken into
account which is a reasonable approximation if the silicon thickness t; is small
enough [50]. Higher subbands are accounted for by a numerical factor in the
fashion of reference [49]. To estimate the energetic position and the separation
of the first and the succeeding subband a rectangular potential well is consid-
ered with the eigenfunctions being the well-known sin or cos expressions. The
energy of the first subband Ej is given in equation (4.11). The exact form of
the corresponding wave-function is not important as long as it is normalized
because the z-coordinate will be integrated over as is shown below.

The function A 4 can be expanded as Ag g = G- Ty 4 - GA=GR.[i (Ef:d —

D 4] - G4 as already stated above in equation (A.5). The averaging procedure

is therefore demonstrated only for the product G - fo - GA. The continuous
representation is used in the following and the Greens functions can be expanded
into a complete set of orthonormal eigenfunctions.

P, (y)r. (2) 0%, (V) 0E. (2 )xa(@)nf (2')

E—sky—skz—sl

GR(Fa ) = kakml

= > b, W)vr. ()5, ()%, (xal@)n; (') x Gip (a2 E — ey, — )
Ky ke (A.11)

The advanced Greens function is expanded in a similar fashion. The retarded
self-energy function of terminal [ = s, d is given as

S ==t 3 b, ). (2) 0k, (0))0k. ()xa(@); (a)e™o? §(a — ')
ky.k= (A.12)

where k! = 1/h x \/(2m(E — €k, — €k, + V1)), a is the lattice constant of the
tight-binding grid and V; the terminal voltage. Since only the first subband
in vertical direction is considered the summation over k. reduces to a factor
being the absolute square of the first vertical subband wave-function (note,
that merely the diagonal elements are needed for the density and the current
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and therefore 7 = 7') and ¢, — FEj. It is assumed that the potential profile
varies in z-direction much more than in z-direction, so that the Hamiltonian
can be considered separable. The actual averaging is an integration over the
y-coordinate (cf. [4, 41])

1
—/dyGR-ElR-GA:<GR-ZlR-GA>
Wy

2 T2

1.0
x Y Glp(e,e1, B — ey — B)Gip(a, 01, B — egg — E1)e™ oy (4) s (4)0x1a2 Gr2ss

klk2k3

yyy
2 mz, 1 -

= COSQ(;)W Z/de{%D(l‘,beE — ek, — E1) <—t62k”a> Gip(z, 21, E — e, — E1) x
S S k

= (G* -2} GY)ip(E — &y, — Ey)

< [ dyon, ()i, W)

2 Tz E-Er ~ =
= —0052(—)/ dFE N{)D<E—E—E1) X (GR'ER'GA)1D<E)

bi s oo (A.13)

N?D is the homogeneous one-dimensional density of states. The expression
for the current density equation (A.10) contains the matrix product I'y - G -
»E . GA which is averaged in the same fashion as equation (A.13). Replacing
the calculated 1D expressions by the appropriate 3D entities the final electron
density is taken as an average over the z-direction, i.e. the integration over z
and division by tg; yields the electron density necessary for the self-consistent
computation of the potential profile.

Although the entire computation includes the space charge layers in the
contacts, i.e. the intermediate regions, to calculate the total current only the
transmission of carriers between channel beginning and end must be computed.
Inserting the expressions of equation (A.13) and noting that [ dz% cosQ(%) =

1 one ends up with the following formula for the current density per unit energy:
E—FE;

i1(E)*P = Wz—het(fl — fo) [/ dENYp(E — E — E\)T(ic — 1, E) - (G- T - G4) (ic, E)

—00

(A.14)
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where 4. denotes the first tight-binding grid point in the channel and I'y =
2t2 x ImG® (i, — 1,4, — 1). After self-consistency has been achieved the current
is calculated according to equation (A.14).

gate

Figure A.2:

The gate leakage current can easily
be implemented in the present formal-
ism. The gate consists of additional con-
tacts all having the same FERMI level
E;—V, attached to each site of the tight-
binding grid in the channel region. This
is depicted in figure A.2. Attaching a
‘gate contact’ at each site is necessary
so that the tunneling current properly
scales with the length of the channel. E;
in these gate contacts is taken to be the
same as in the actual source/drain con-
tacts. The difference between the ohmic
contacts, i.e. source and drain, and the
gate contact(s) is that the hopping pa-
rameter ¢ is much smaller depending on

the oxide thickness and its potential barrier height (the height is taken as con-
stant Vp =3.1eV). The actual hopping parameter for the gate-contact(s) is given

according to

2
ty =1t X exp <_ﬁ

Smi(Vo — B) tox) (A.15)

where the exponential factor is the WKB solution of the transmission amplitude
through a potential barrier (see figure A.2) of height V. The gate leakage
current component of each gate contact is computed in the same fashion as the
source-drain current and is added to the current from source to drain. The
influence of gate leakage becomes important only for very thin gate oxides.

A.2 Numerics

Because the matrix has to be inverted for every energy-channel E the com-
putational burden can be immense and one has to make use of sparse matrix
routines [58]. To be explicit, the following matrix must be inverted for every
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energy channel E:

E— (Vi +2t)+tcos(kia) ¢t 0 - 0
GR — 0 t FEs t 0 .
e T .. 0 :
0 o0t En_g ¢
- 0 e 000 t E — (Vy +2t) + tcos(kya)
tsin(kia)+n 0 - .- 0 1-1 (A.16)
n 0 . 0
0 0 »n 0
+1 ‘
0 tSin(k:Na)+17 |

where E; = E — (V; 4 2t) and a small 7 is inserted to get a stable numerical in-
version. The real and imaginary parts of the Green’s function G are calculated
separately according to

ImG® = —[A-B™'-A+B]! (A.17)

ReG® = —B™'. A - ImG~ (A.18)

where A = Re[E x 1 —H — ¥f] and B = Im[F x 1 — H — ©f]. To obtain
ImG” a pentagonal matrix has to be inverted which is most efficiently done by
partitioning the matrix in the following way [58]

GOy

where the submatrices |5, Q, Ii, S can be found by the formulas

(P-Q-St.R)™!

_(p_Q.Sfl . R)fl . (Q.Sfl)

= —(S''R)-(P-Q-S7t.R)!

= S1+(SLR)-(P-Q-STH-R)TH(Q-STY)

WD 2O O T
I

(A.20)

The equations can be solved iteratively by first successively calculating P, =
Aiy1 for i = N..2 where A;4 is in turn decomposed as in equation (A.19).
Because S is always taken as a 1 x 1 submatrix consisting of the A;; element
and due to the fact that A is a sparse matrix, all matrix multiplications can be
determined directly. The whole inversion is thus a process of the order N? + N
with IV being the dimension of the matrix A. This algorithm is similar to the
recursive Green’s function method [25] which has proven to be the most efficient
for matrix inversion for this particular purpose.
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The NEWTON-RAPHSON-method to solve the POISSON equation together
with the equations for the Green’s function is adopted from reference [42]. This
method leads to self-consistency within a few iterations. In each iteration a
correction §®™1 to the potential profile ™ of the mth iteration is calculated.
The POISSON equation is written as

?e  p(x)
dx? €41

= dp(x) (A.21)

The correction §® is the solution of the following equation given in matrix
notation

00 pT"
> o 0T = =0 (A.22)
j j
o . . . . dop}"
where i, denote points on the tight-binding grid. The JACOBIAN ) i o
J

on;
requires the calculation of ?{ where n; is the quantum charge density. To

compute this the semi-classical charge density is used instead of the quantum
charge [42]. The particular form of a screened POISSON equation used here is
accounted for in the channel region such that the JACOBIAN looks like

7 — ®i)

06 p; 2 1 <2mlk:Te>% 1 Fl/Q(Ef — &, +0.001) — Fl/Q(E

=9 - 51,&1; + 26; 5

00; a2 2wh? ) kT 0.001

in the contacts (with a being the lattice spacing) and

(9<5pz- 2 1 ‘/bz B Viq 1
0%, =0;j <¥ + 2 + e )~ 5i,i:|:1¥ (A.24)

in the channel. Notice that the last fraction in equation (A.23) is just the
derivative of the FERMI-integral. Equation (A.21) yields a tridiagonal matrix
which is solved with a standard recursion method [82]. NEUMANN boundary
conditions are used. Thus, the applied voltage Vy, fixes the energetic difference
of the FERMI-levels in source and drain; the potential takes on whatever value
is needed to ensure overall charge neutrality and a flat potential profile at
the contact beginning [18]. The potential profile is then given as "+l =
O™ 4 §PmH,

Self-consistency is achieved when the maximum potential variation between
the ith and the (i + 1)st iteration is smaller than a specified value.

(A.23)
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B What Etches What?

Pan-Etch Cr-Etch BOE KOH H50 RCA1/2 H50, Cr-Etch H3POy,
(30°C) (60° C) (50° C) (80° C)
rough surface rough surface
Al ++ after 30 min, ++ ++ after 30 min
OK for 6-7min
Cr | X(1/2h) ++ X X(1/2h) X X X(1/2h) ++
Nb | X(1/2h) X(1h) rough surface | X(1h) X(1/2h) X(1/2h) | X(1/2h)
after 3 min
W X(1h) rough surface X(5 min) X(1/2h) ++ ++ ~6nm/min | X(1/2h)
after 30 min
Si X X X +41 X X X X(1h)
Resist X ++ + after
7500/107 30 min(?)
Resist X(2min) ++ after +
A75214 with HMDS 6 min
SiOy X X ++ very small X X X X(1h) X
etch rate?

1.2 see ref. [65, 22]

++4 — appropriate etch

X — not etched in specified time
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B WHAT ETCHES WHAT?



C Recipes

KOH solution(40%, 30° C)

e mix 112.5g H2O with 100 g KOH pellets
e wait until the temperature is under 40° C

e add 12.5g isopropyl alcohol (IPA)

SiO5> Mask Definition

e cleaning of the sample in acetone, IPA and deionized (DI) water
e resist: AR 7500/107, 6000 rpm for 30s (without pre-acceleration)
e prebake 5 min, 90°

e optical lithography to pre-pattern the resist: 7s, 10mW /cm?

e develop not longer than 6s (!)

e e-beam lithography: rather high dose of approximately 400 uC/cm?; for
much higher doses the resist cannot be solved anymore. Additionally,
the adherence to the substrate is deteriorated.

e watering for 3 min

e 3s flood exposure, 10 mW /cm?

e develop 30s in AR 300-47

e post-bake 1h, 120°C

e approximately 12s BOE(AF-91) for 7nm oxide

e removal of resist in 1-methyl-dipyrolidon (NMP) for at least 3h at 80° C,
then immerse in acetone, IPA and DI water
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C RECIPES

KOH Etching

immediately before KOH etching: Dip in BOE to remove native oxide

KOH as stated above always with stirring to prevent concentration gra-
dients in the etch solution which lead to an altered etch behavior

— etch rate({100} planes): ~30nm/min for undoped silicon,
~10nm/min for the highly Sb doped silicon

— etch rate({111} planes): ~Ilnm/min for undoped silicon,
~2.5nm/min for highly Sb doped silicon

water for at least 5 min

Si-Cr Mask Definition

after mask generation dip in BOE to remove native oxide
mount in the UHV chamber immediately after BOE dip
evaporate ~20nm Cr

bake 1h, 120°C

remove Cr in Cr-etch and remove mask

KOH as stated above

SC1/5C2

heat 150 ml HoO to 60° C
add 30 ml NH4OH/HCI and 30 ml HyO»

heat up to 65° C




D Remarks

This appendix gives some details of the fabrication process which were left out
in the main text for reasons of clarity.

D.1 The wrong Mask Geometry

If one chooses the wrong mask geometry, i.e. one which does not encounter the
underetching of convex corners, the mask can be totally underetched. If this
happens the structure is not bounded by {111} planes any more and the silicon
under the mask is etched away completely. This is shown in figure D.1. As

Figure D.1: SEM image of transistor structures with an inadequate mask geometry. The
silicon underneath the SiO2 mask is completely etch away.

can be seen the silicon underneath the SiOy mask is etched away and the mask
stands freely. Notice the tremendous stability of the SiO2 mask which is only
5nm in thickness but about one micron long.

D.2 Wet Chemical Etching of Tungsten

The effect of wet chemically etching tungsten was already mentioned in sec-
tion 5.2.4. At convex bends the tungsten is - although covered by a resist mask
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96 D REMARKS

- cut through. Although the quasi self-aligned process of the gate is based on
this phenomenon it can be disturbing since the gate can thus be separated into
electrically isolated parts. Figure D.2 (a) shows an electron micrograph of the

Figure D.2: Wet chemical patterning of the tungsten gate. (a) shows the behavior of the tungsten
when running over convex bends. At the bottom of the image the transistor structure can be seen.
(b) shows a magnification. The cut off of the tungsten can clearly be seen.

tungsten gate after wet chemical patterning which runs over a convex corner.
(b) is a magnification and reveals the effect of the HyOg-treatment which man-
ifests itself in the gap between the two parts of the tungsten gate. In order
to shorten the two isolated parts an additional aluminum contact layer was
evaporated and patterned using a standard lift-off process.



E Used Chemicals

BOE AF-91 Riedel de Haén No. 19408
HCI 32% Merck No. 1.00319.1000
Cr-Etch 3144 Merck No. 17553
H209 30% Merck No. 1.07209.1000
KOH 85% Merck No. 1.05021.1000
HF 50% Merck No. 1.00373.1000
NHj3 25% Merck No. 1.05432.1011
E-Beam resist | AR 7500/107 | Allresist GmbH

Developer AR 300-47 | Allresist GmbH
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