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I. ABSTRACT

As the demand grows for high performance and high density integrated circuits, MOSFET
scaling to submicron regimes will continue to be at the core of device and circuit design. While
MOSFET dimensions are reduced, circuit requirements demand maintaining long channel
behavior and minimizing short channel as well as parasitic effects. At the same time, higher
current driveability requires thinner gate oxides in shorter channel length devices. In this project,
we give a detailed literature review on the subject of MOSFET scaling. We discuss various
scaling approaches, the effect of scaling on initial device characteristics, the limits imposed by
reliability concerns in scaled-down MOSFET technologies, techniques to control short channel
effects and unconventional approaches to MOSFET scaling.

II. INTRODUCTION

Silicon (Si) based integrated circuits (ICs) have become the backbone of today’s semiconductor
world. Technology has progressed much since the days of vacuum tubes. The semiconductor
industry went through a series of increasingly smaller device sizes commonly known today as
SSI, MSI, LSI, ELSI, VLSI.  (Here, SI stands for scale integration and the first letter stands for a
size from small to very large.) The VLSI circuit first appeared in 1981, and since then, the
industry has grown so much that it “is now the largest industry in terms of output as well as
employment in many nations,” [1]. Integration, that is, the number of transistors per chip, has
increased over five orders of magnitude through the previously mentioned generations, while
computation capability has increased by at least three [2]. The microelectronics industry has a
huge impact in the world in terms of economic, social, and political development.

Microelectronics has grown in large part because of its ability to continually improve
performance while reducing costs. There is a constant drive to make devices that occupy less
space, consume less power and have shorter delays. During the past thirty years the minimum
feature size has improved by close to two orders of magnitude. These small features are driven
by several main goals. Smaller features mean larger device density, which in turn equates to less
raw material for the same amount of processing power. This results in lower cost per MIPS
(Million instructions per second), diminished transit times, shorter time delays and improved
performance. As an example of improved performance over short periods of time, PCs 5 years
ago were running at 33 Mhz based on 386 or 486 processors. Today, cutting edge Pentium Ils
are running at 450 Mhz (>10x improvement). Having smaller dimensions also means lower
power consumption per device. The challenges related to smaller device dimensions are
numerous and shall be discussed later in detail

The heart of the Si integrated circuit is the transistor. There are two main transistor technologies
in the market today: Bipolar and CMOS (Complementary Metal Oxide Semiconductor). For a
period of time, Bipolar technology offered better performance, but consumed at least an order of
magnitude more power than CMOS at comparable performance. Increased power consumption
not only drives increased power costs, but higher cost and complexity in cooling hardware. This
includes extended surface fins, fans, water cooling, or even liquid nitrogen. An additional
disadvantage of this is the floor space consumed by the cooling equipment. It is clear then, for
all IC technologies the need for decreased power consumption. Today, CMOS is the dominant
IC technology due largely to comparable performance and improved power efficiency [3,4].



CMOS technology makes use of both n- and p-channel MOSFETs (Metal Oxide Semiconductor
Field Effect Transistors), as illustrated in Figure 1. Fabrication of a chip begins with a single Si
crystal wafer. Impurities, such as boron (called an acceptor because of its ability to accept
electrons) or phosphorus (called a donor), are introduced into the Si matrix to create hole-
dominated (p) or electron-dominated (n) regions, respectively. Oxide is thermally grown on top
of the channel between the self-aligned drain and source n" regions (for n-MOSFETs) and p*
regions (for p-MOSFETs). A heavily-doped polysilicon gate is formed on top of the oxide. By
applying an appropriate voltage to the gate, the current between the source and the drain regions
is modulated accordingly.

n-MOSFET / POngS'id Gate \ p—MOSFET
I A/l_/—>A I

n

p-substrate

Figure 1. Schematic cross section of n- and p-channel MOSFETs used in CMOS n-well technology.

Today, the leading edge CMOS technology has a minimum channel length under 0.15 um and a
gate oxide thickness less than 35 A . Roldan, et al. [5], in October 1998 considered analytically
and experimentally a MOSFET with a channel length of only 0.07 um. Intel has also
experimented with a 0.06 um gate length transistor [4]. We are entering the age of ULSI (ultra
large scale integration), that is, scaling in the nanometer range. Scaling is the process by which
device dimensions are made smaller and will be explained in more detail below.

In 1994 the Semiconductor Industry Association introduced the technology roadmap [1,6]. It

was based on the assumption that the industry would continue its advancement at an historical
pace of a new generation every three years-

Table I. MOSFET scaling trend for high performance — 1994 Roadmap [1,6].

Year 1991 | 1994 | 1997 | 2001 2005 | 2009
Minimum feature size (Um) 0.5 0.35 025 |0.18 0.13 |0.09
SRAM density 4M 16M | 64M | 256M |1G 4G
Vee (V) 5 3.3 3.3 3.3 2.2 2.2
Gate oxide thickness (nm) 135 |9 8 7 4.5 4
Junction depth (um) 0.15 (015 (0.1 0.08 0.08 |0.07
Effective channel length (um) 0.40 |0.30 025 |02 0.15 |0.13
Threshold voltage (V) 0.7 0.7 0.7 0.7 0.7 0.7
NMOS Ipsat@ Vo= V.. (mA/um) | 0.64 |0.48 |0.55 |0.65 0.51 |[0.57
PMOS Ipsat@ Vo= V. (mA/um) | 0.31 0.22 [0.26 |0.32 0.24 |0.28




Another piece of the technology roadmap addresses these same factors for low power
consumption. QOur emphasis in this paper will be the high performance side since improved
performance usually outweighs low power consumption. We are ahead of this roadmap since
Intel has already introduced microprocessors based on 0.18 um device technology. The pace has
been increased to a new generation every two years. Therefore, in 1997, a new technology
roadmap [7] incorporating these changes was introduced (see Table II) and a 1999 version is
already on the drawing board.

Table II. MOSFET scaling trend for high performance — 1997 Roadmap [7].

Year 1997 | 1999 | 2001 |2003 |2006 |2009 |2012
Minimum feature size (Um) 025 |[0.18 |0.15 |0.13 0.10 |0.07 ]0.05
SRAM density 64M | 256M | 1G 1G 4G 16G | 64G
Vee (V) 1.8- |[15- [1.2- |[1.2- 09- |0.6- |0.5-
2.5 1.8 1.5 1.5 1.2 0.9 0.6
Gate oxide thickness (nm) 4-5 34 2-3 2-3 1.5-2 | <15 |<1.0
Junction depth (nm) 50- 36- 30- 26- 20- 15- 10-
100 72 60 52 40 30 20
NMOS Ipsat@ Vo= V. (mA/um) | 0.60 ]0.60 |0.60 |0.60 0.60 |0.60 |0.60
PMOS Ipsar@ V= V.. (mA/um) [0.28 [0.28 |0.28 |0.28 028 028 |0.28

There are some serious concerns in terms of physical factors limiting the scaling capabilities [8].
These factors will be discussed in more detail below, but at this time it is appropriate to briefly
visit them. The physical concerns of scaling include, but are not limited to, increased leakage
currents, limits to doping and decreased mobilities with higher doping, limits to minimum
allowable oxide thickness imposed by direct tunneling, effects of contact resistance, constant
energy gap, difficult scalability of threshold voltages, DIBL, GIDL, power dissipation, etc.
Reliability concerns include hot carrier degradation, gate dielectric breakdown, and interconnect
reliability. Fabrication concerns include lithography and contamination. Some of these limits
are shown in the following table from [4]:

Table III. Scaling limits for MOSFET technologies.

Feature Limit Reason
Oxide thickness 2.3 nm Leakage (Iosee)
Junction depth 30 nm Resistance (Ryge)

Channel Doping Vr=025V Leakage (L)
SDE under diffusion 15 nm Resistance (Ry)
Channel length 0.06 um Leakage (Lyg)

Gate length 0.10 um Leakage (L)

There has been a lot of research into different forms of scaling such as constant field, constant
voltage, electrostatic, subthreshold and off-current scaling. There is also a consistent drive to
tind the real limitations of Si. Some of the Si research that seems promising includes dual gate



devices, in which there are two depletion regions on the channel to give added current control.
Conversely, there are groups working on alternative technologies, such as silicon germanium or
other semiconductor materials, which provide comparable performance at lower bias and power
consumption. Silicon on insulator (SOI) also demands attention since it offers characteristics
that may solve shallow junction, soft error, and isolation problems [3]. Low temperature CMOS
is still on the table despite the obvious cost and complexity drawbacks of cryogenic cooling.

There is no telling what the future holds. The current estimates put the maximizing of CMOS
technology around 2010, yet the industry has faced almost impossible odds in the past and
succeeded. It is clear that any material will pose limitations, and Si is no exception. But there
are so many materials which are not fully understood today. Itis quite apparent that the physical
limits are far from being attained.

ITII. LITERATURE REVIEW

A. Scaling Approaches

Scaling is the process of miniaturizing devices while attempting to maintain electrical
characteristics constant. 'There have been many different attempts at scaling. The main problem
with miniaturization is the direct, and more importantly, indirect dependence of electrical
characteristics on controllable physical parameters. This causes many non-ideal effects that
hinder the performance or power consumption characteristics of devices.

The first complete scaling scheme was introduced by Dennard, et al., in 1974 [9]. The method is
called constant electric field scaling (see Table IV). In order to scale down the depletion region,
internal fields, currents, and capacitances, among others, all dimensions are scaled by a factor K.
Depending on the variable, the parameter could be multiplied, or divided by K. In doing so,
these non-ideal effects were avoided to a certain extent. The main drawback of this scaling
scheme 1is that it is often not possible to scale parameters in the required proportions. For
example, substrate doping has an upper limit of 10" cm?. So, if the limit is already reached,
turther doping is impossible. Threshold voltage scaling poses some particularly challenging
problems. Working devices of 0.25 um channel length or longer have roughly a 0.7 V threshold
voltage, while experimental devices of 0.1 um channel length have 0.33 to 0.40 V threshold
voltage. Constant field scaling is clearly only approximated, not followed exactly.

Different scaling schemes were soon to follow, such as constant voltage scaling (see Table IV).
Constant voltage scaling attempts to address limitations imposed by industry convention. In
constant electric field scaling, the source voltages are decreased by a factor of K. As shown in
the technology roadmaps (see Tables I and II), the industry has agreed, years in advance, on what
the supply voltages will be, thus providing manufacturers enough lead time to design and
manufacture power supplies. Designing and manufacturing unique power supplies for each
particular application or channel length is not practical or economical since it requires too much
time and money for the resulting performance improvement. Therefore, it becomes inevitable to
accept standard power supply voltages when designing a device. Constant voltage scaling is
therefore a more practical application of the more ideal method of constant electric field scaling



[10]. One drawback of this method is that by not scaling the supply voltage higher fields are
created in the device. This leads to mobility degradation, hot carrier effects, and other reliability
problems. Also, this method consumes more power and requires better cooling methods than
constant electric field scaling.

A third proposed method is constant electrostatic scaling, or quasi-constant voltage (see Table
IV). In this method, dimensions are scaled by the same factor K, but potentials are scaled by a
different factor A= K®° [11]. This method is another compromise between reality and ideal
constant electric field scaling. The factor A is applied when the voltages cannot be reduced by K.
This leaves the field pattern constant and reduces the effects of punch through and DIBL. While
this method addresses most of the practical challenges of the previous two, it remains a
theoretical method and serves only as a good starting point for device designers. Further testing
and optimizing for a particular application will always be required.

Table IV. Scaling Laws at 300 K.

Parameter Constant Constant Constant
Field Scaling Voltage Scaling Electrostatic Scaling

Gate length 1/K 1/K 1/K

Gate width 1/K 1/K 1/K

Gate oxide 1/K 1/K 1/K

Junction depth 1/K 1/K 1/K

Doping density K K’ K2/A

Drain voltage 1/K 1 1/A

Drain current 1/K K K/\?

Threshold voltage 1/K 1 1/\

Propagation delay time | 1/K 1/K 1/K

Supply voltage 1/K 1 1/A

Gate capacitance 1/K 1/K 1/K

Line current density K K’ K°/A?

Number of transistors K* K* K*

Chip size 1 1 1

Power density 1 K’ K3/\°

A fourth scaling method was proposed by Brews [12,13]. This method is called subthreshold
scaling and is empirical. While it does not dictate specific factors for scaling individual
dimensions, it provides a framework for which combinations of parameters will result in long or
short channel behavior. The design criterion selected to represent long channel behavior in a
scaled down device is defined as having a variation of less than 10% in the drain current per 0.5
V variation in drain-source voltage. The freedom this method brings is that it does not start with
a large working device of fixed dimensions, but rather it allows independent manipulation of a
large number of variables as long as the remaining variables compensate for these changes. The
process is defined as follows in Figure 2.



Albwed com binations

1.00E+02

1.00E+01

1.00E+00

Lmin (microns)

1.00E-01

1.00E-02
1E-01 1E+05

Gamm a (cubicm icrons -Angstrom s)

Figure 2. Log-log plot of L,;, versus Gamma, ¥, for subthreshold scaling .

The line in Figure 2 is described by:

Ly = 047" Equation (1)

Gamma =7y = }’jﬂl(\VS + WD)2 Equation (2)

where 1 is the junction depth in microns (um), d is the gate oxide thickness in angstroms (A),
W is the width of the source depletion region in microns (Um) and Wp is the width of drain
depletion region in microns (Um). Combinations above the line in Figure 2 (shaded region)
exhibit long channel subthreshold behavior, while those under the line exhibit short channel
subthreshold behavior. This method has additional drawbacks in that it is not understood why it
works and it has not been tested for gate lengths < 0.3 um [12]

The final scaling method, also by Brews [13], is called Off-current scaling and is more complex
in practice than the previous methods. In this method the doping profile characteristics are
varied in order to obtain an acceptable combination of off current, I,s, and threshold voltage for a
minimum channel length device [10,13]. First, the scaling assumes that source voltage, gate
material, oxide thickness, and junction depth have been previously fixed by system or processing
constraints. The minimum length is fixed by the lithographic process. It is evident that this
method, while a good check for a design that is partially complete, lacks flexibility of the
aforementioned variables in successive iterations and cannot be considered as a stand alone
scaling strategy. The doping, centroid of the threshold voltage ion implant (x.) and exposed dose
(D) are determined assuming the channel behaves as a long channel for an initial approximation.
Since we know this is not the case, the acceptable L. is deliberately picked smaller than the
needed value in the device being designed to compensate for an I increase due to DIBL. DIBL
current is determined by any particular model the designer chooses to employ. Then, a minimum
substrate doping is determined by setting a very low limit on subthreshold punch through at a
selected maximum drain-source voltage. Finally, Dy and x. are reviewed to keep the channel



depletion region as small as possible, that is, to keep the shift in the threshold voltage due to
short channel effects as small as possible for a given minimum length. Therefore, this process
does not attempt to eliminate the short channel effects like previous methods, but rather to design
a device that compensates for effects of DIBL, punch through, etc. While the effects are still
noticeable (the application does not require total absence of them), they do not affect the
designed performance of the device since they were taken into consideration in the design.
Threshold voltage and long channel off current tradeoffs are determined by using a series of
curves with fixed doping levels and oxide thicknesses. The y-axis is the threshold voltage and the
x-axis is the ratio of free carrier density with zero gate-source voltage to the free carrier
concentration at the midgap, that is the point of field induced polarity reversal. These graphs
must be built for each different oxide thickness and substrate doping and are of limited utility
and shall not be included in this paper.

We can see that all scaling methods are attempts to replicate long channel behavior in a short
channel device. No scaling method provides an exact solution, and designing a device requires
many iterations, experience and perhaps, artistic ability, on the part of the designer. The best
approach may very well be combining one of the first three methods with one or more of the
latter two. Many of these methods are compromises between reality and ideal (constant electric
field) scaling. All of the methods attempt to keep proportions between physical and electrical
characteristics of the devices constant, thereby avoiding short channel and non-ideal effects.
There clearly is a lot of room for new and improved scaling methods to emerge which will
hopefully address the flaws of the current available alternatives without increasing the
complexity of the method to unmanageable limits. Still, there has been, and will continue to be
significant, sometimes surprising, progress in scaling devices; the limits of current theory have
not been reached. Perhaps, in the future we will need different theories.

B. Effects of Scaling on Initial Device Characteristics

1. Introduction to Scaling Effects

Since the integrated circuit era began in 1959 the gate length has been decreasing [14]. While
the gate length will continue to decrease for some time, the shortest gate length is still an
unknown. There are two main driving reasons to decrease the minimum feature size of the
MOSFET, density and speed [10]. The definition of a short channel is when the gate length is on
the same magnitude as the depletion region of the drain and source junctions. Also the short
channel MOSFET can be defined when the effective channel length, L,z is approximately the
same length as the source and drain implant depth x; [15]. An empirical formula for short
channel effects is given by equation (1), where L,,;, is the minimum length the gate can be before
short channel effects have to be considered. As devices are decreased some effects will become
dominant. For example, as the gate length is decreased channel-length modulation (i.e., the
dependence of the effective channel length on the drain bias) will have more of an effect on
channel current.
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Figure 3. Short Channel MOSFET [15].
2. Velocity Saturation

The electric field E, between the source and drain increases as the gate length decreases. The
electron drift velocity is proportional to low electric fields perpendicular to the gate. As E, is
increased the electron velocity saturates. Therefore the current in the channel saturates. When
E, approaches 10° V/cm, the electron velocity saturates at 107 cm/s. This saturation can have
great impact on the current-voltage properties. Consider the drain-source current, Iy, of a

MOSFET in saturation mode ( Vds = Vgs — Vi) [15]
Leff
Lis(sat) = W - vd(sat) - fq - n(x)dx = W - vd(sat) - |Ql Equation (3)
0

Since V4=V (Where Vi, is the voltage at which the velocity saturates) the current equation is
as follows [15]:

Lis(sat) = W - vd(sat) - Cox - Vsar Equation (4)

The Iy (sat) current using this equation is lower than using the normal long channel equation for
Iy(sat). 'The saturation current is no longer a quadratic function of Vg and is primarily
independent of channel length [15]. The following table lists proposed Vg4 values based on a
saturation velocity for Si of approximately 1e5 V/em

10



Table V.

L (um) | Vds(V)
0.5 5
0.35 3.5
0.25 25
0.175| 1.75
0.15 15
0.10 1.0

3. Threshold Voltage, Vt

a. Length Dependencies

The decrease in Vtis a clear indicator of short channel effects [16]. Plotting Leg on the x-axis
and threshold voltage on the y-axis makes a Vt roll-off chart. The chart indicates the minimum
Legr that will be acceptable. Vt roll-off is one of the most serious consequences of short channel

effects [16]. Figure 4 below demonstrates Vt roll-off for n- and p-channel MOSFETs [17].

0.6
> 041 4% T amos
Z .f'
§. 0.2 se—1.8V(Vds)
K i
E'o'z F % e—at.8V (V)
] [ ]
E-—OA L %'*n p_MO_S
F_o0.6

0. 1.2.3 45678981
Effective Channel Length (um)

Figure 4. Vtversus L.t demonstrating Vt roll-off [17].

The threshold voltage (Vt) of MOSFETs cannot continue to be scaled down as the gate length is
decreased. The subthreshold I¢ increases as the Vtis decreased. An increase in Lg is a serious
threat to the continued performance enhancements of the MOSFET transistor. For transistors
less than 0.25 pum designers must consider the trade off between speed and lower power
consumption [18].

As the gate length is reduced below 2 um, the long channel approximation for the threshold
voltage is not as accurate. The Vt generally decreases as the gate length is decreased (this is
known as Vt roll-off). Also, the Vt decreases as the drain-source voltage (Vds) is increased. In
order to predict the Vt of a short channel device, the shift in the threshold voltage, AVt, must be
approximated [10]. The short channel effect (SCE) Vtis given by the following formula where
Vto is the long channel Vt [19]:

11



(Vto)sce = Vto— (AVt) Equation (5)

A method of calculating AVt is by using the charge-sharing model. This model assumes that the
charge under the gate is shared between the source/drain depletion regions and gate inversion
region. Therefore less voltage is required to invert the channel. AVt increases as the depletion
region’s length approaches the gate length. Yau in 1974 proposed a simple model to predict
AVt. The model used the assumption that the charge caused from the gate is simply the
trapezoidal region under the gate as in Figure 3. The following analytical formula to calculate

AVt can be used for uniformly doped channels [10]:

Q- N d e, [(1+ 2473 1)
AVi= 4

COX'L

Equation (6)

dmax 1s the maximum width of the depletion region under the gate, and rj is the length of the
depletion region of the source/drain. The model shows that decreasing the gate oxide thickness
(Cox=€ox/tox) and decreasing the depletion regions of the source/drain will decrease AVt. The
model works well to understand the concept of decreasing AVt, but does not predict the change
in the Vt accurately against experiment data, especially for narrow gate lengths and high Vds.
The model does provide a first order approximation [10].

DIBL (Drain Induced Barrier Lowering) was introduced in 1979 by Troutman [10]. As the
voltage drop between the source and drain increases, the depletion region under the drain can
lower the potential barrier from the source-to-channel junction. If the barrier between the source
and channel is decreased electrons are more freely injected into the channel region. Therefore
the threshold voltage is lowered and the gate has less control of the channel current [20].

. L (um) R
A - VI

n p

energy

SN N S g

s x (um)

Figure 5. DIBL (Drain Induced Barrier Loweing).

Refer to Figure 5, which illustrates the DIBL effect for an nchannel MOSFET. The current in
the channel depends exponentially on the barrier height. A slight decrease in the barrier height
can have a significant impact on the channel current. A model has been developed to calculate
the change in AVt caused from DIBL. The theoretical solution would require a two dimensional
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solution of Poisson’s equation. The following equation was derived using a more simple
analytical calculation [21]:

AVi=-nNAy(x)=-1nV(x)=—-0Vbs Equation (7)
where
e
nvd sin ( )
o = A ey A Equation (8)
)« L — Xd Xs
cosh —cosh| =—
A A
ei dy %
A =dS, [1 4B ﬂ] Equation (9)
es di

dgep is the depletion width when V=0, di is the insulator thickness, ¥ is the potential in the

channel, €i and €s are the electrical permittivities of the insulator and silicon, respectively, and x4
and x; are the depletion region depths for the drain and source, respectively.

0m
0.05 \\\\.\
041 - N
¢ L=0.21um
015 .
W L-0 25um
02

VDS V1]

delta Vt [V]

Figure 6. AVtversus VDS for two different channel lengths [21, 22].

Experimental data agrees well with equation (7), which indicates a linear relationship between
AVt and Vps, Figure 6 shows a linear relationship for two channel lengths, where the slope of
the lines is 6. The data was collected by Chung, et al [21,22].

A way to measure DIBL is by measuring the threshold voltage in the linear region with Vds=
0.05 volts and measuring the threshold in saturation with Vds between 1.2-3.0 volts depending
on L design. As was mentioned above the threshold voltage will decrease with increasing Vds.
To graphically show this, subtract saturated Vt from linear Vt to find delta Vt, and plot this

difference verses Les.
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b. Width Dependencies

Another effect on threshold voltage occurs as the width is scaled. The width scaling effect is not
as severe as the length scaling effects. Three effects will be presented here as the width is scaled.
Two cause the Vt to increase (opposite to length scaling) and the other causes the Vt to decrease.
The first two effects are caused from fabrication of isolation structures, either raised field-oxide
or semi-recessed LOCOS (Local Oxidation of Silicon). Raised field oxide is created by first
growing the gate oxide and removing the oxide over the source and drain implant regions, as
seen in Figure 7(a). Semi-recessed LOCOS is shown in Figure 7(b). The third effect is caused
from fully-recessed-LOCOS [10].

The first effect considers the depletion region perpendicular to the current flow from source to
drain along the gate edge in the L direction. The electric field from the gate causes depletion in
the vertical direction and consequently in the lateral direction also. The depletion region parallel
to the current flow in the source to drain direction will be discussed in the next section, where it
will be shown to reduce the threshold voltage. But the other depletion region causes the threshold
voltage to shift up. The bulk charge in the channel is actually higher when considering the
charge from the lateral and vertical depletion regions. As the gate width is reduced the
proportion of lateral depletion charge will become a larger percent than from a wider gate. If the
lateral depletion charge remains constant regardless of gate length, it is believed that a higher
gate voltage will be needed to invert the channel since the total depletion region will be

effectively larger [10].
W
Depletion region J ( Bird's Beak /)Depleﬂon region L
(a) (b)

Figure 7. (a) Raised field oxide process and (b) semi-recessed LOCOS process [10].

The second effect is from the encroachment of the channel stop dopiness below the sides of the
gate edge parallel to the L direction. The encroachment causes the edges of the gate to be higher
doped than the center of the gate. Since the edge is higher doped, a higher gate voltage will be
needed to invert the channel. Another way to think of it is that the center will have more current
than the edge with a gate bias; therefore a higher gate bias will be needed to get the same
effective current through the channel. The second effect is more serious than the first effect

especially when higher doped channel-stop is used [10].

The last effect that will be discussed for W scaling decreases the threshold voltage. Since the
threshold voltage decreases it is often referred to as the inverse narrow-width effect. The third
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effect occurs when the silicon is totally removed next to the gate in the L direction. The other
two effects can not happen since there is no silicon to deplete. When the silicon is removed next
to the gate and filled with a dielectric, it is called shallow trench isolation (STI) [10]. Please
refer Figure 8 below.
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Figure 8. (a) Contours of equipotentials and electron concentrations for an STI processed MOSFET. (b) I-V
plot of the inverse narrow-width effect, which illustrates the hump in the subthreshold slope [10].

Figure 8 shows the potential bending in the field oxide. Since the electric field bends at the edge
of the gate this causes a concentration of more electrons to gather at the edge. The net effect
causes more current on the edge than the center of the transistor. The edge region turns on
sooner than the center region. The result is a lower threshold voltage. The transistor can be
considered as two transistors in parallel. The parasitic (at the edge) transistor turns on before the
bulk transistor. An I-V sweep shows the two transistors in which the “hump” is caused by the
parasitic transistor [10].

A way of decreasing the parasitic corner Vt is by rounding the corner of the STI (see Figure 9).
As the radius increases the electric field has less effect on the corner region. The effect would be
similar to a birds beak [23].

Gate Oxide

Silicon

Figure 9. Corner rounding of STI to reduce the parasitic corner effect.
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4. Reverse Short Channel Effects

The previous section focussed on how the threshold voltage decreased as the gate length
decreased. It also discussed how width scaling could sometimes have a reverse effect on the
threshold voltage. When the threshold voltage increases with scaling this is referred as Vt roll-
up. The two effects, Vt roll-up and Vt roll-off, compete with one another untill Vt roll-off
becomes the dominate effect as scaling increases. In Figure 10 below the two effects competing

create the “hump” in the Vtvs. L plot [10].
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Figure 10. Reverse short channel effects (Vt roll-up) in an n-channel MOSFET [10].

5. Punch Through

Punch through occurs when the depletion regions of the source and drain meet. When the
depletion regions intersect, as shown in Figure 11, the space-charge-limited current flows
between the drain and source. This current cannot be controlled by the gate bias [24]. Punch
through depends on the drain bias and also the substrate doping. Decreasing the drain bias will
decrease the depletion re%ion. For channel lengths below 0.1 um, the substrate requires a doping
level of 1e18 — 5e18 cm™ to prevent punch through. This high doping would cause an increase
in the tunneling current between the source and drain p-n junctions with the substrate [18].
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Figure 11. Schematic diagram for punch through.

6. Gate Leakage
a. Quantum Mechanical Tunneling

The leakage current when a transistor is off is very import to minimize for future transistors. The
higher the leakage current the more power a chip will consume. Laptops that use batteries will
lose their charge faster if the transistors have high leakage in the off state. Also DRAM retention
time is dependent on L. Decreasing the gate oxide thickness proportional to the gate length
helps reduce short channel effects [3]. Decreasing the gate oxide thickness helps control the
electrostatic potential distribution inside the channel area [25]. As the gate length is decreased
below 0.1 um, the gate oxide thickness needs to be less than 30 A. With ultra thin gate oxides
the quantum mechanical tunneling will increase. The leakage current is exponentially related to
the gate oxide thickness. Different oxide thicknesses have been grown to determine the gate
oxide tunneling current. 'The results of the experiment suggest that tunneling current through the
gate oxide will not be the limiting device leakage current for gate oxides as thin as 20-25 A. The
experiment was conducted to determine the power consumption of logic chips. Other effects
will need to be determined for ultra thin gate oxides, such as reliability and device yield [18].

b. GIDL

Another type of current leakage that should be considered as the gate oxide thickness is
decreased is GIDL (Gate Induced Drain Leakage). When the gate is in the off state and the drain
voltage is positive for an n-channel MOSFET, the electric field from the drain to the gate can
cause the overlap region to form a depletion region (see Figure 12). If the electric field is high
enough, the depletion region near the surface may invert to p-type. When the minority carriers
are drawn to create the inversion layer, they are swept into the p-well [10]. Electrons from the
valence band can tunnel into the drain region under the overlap. The holes left in the valence
band drift to the p-well. GIDL does not increase because of scaling the gate length, but does
increase when the oxide thickness is reduced, since the electric field increases. One way to
decrease GIDL is to decrease Vds. GIDL is independent of temperature [22].  The lack of
temperature dependence is a way to detect GIDL since electrical measurements of leakage can be
performed at different temperatures. If the leakage current stays relatively the same for different
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temperatures, it is probably caused by GIDL. Also bird’s beak can reduce GIDL since the

electric field at the corner of the device is reduced.

Vg=0V

A IS SAAA ST

Hole leakage ~ .-|-® /

p-well
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Figure 12. Schematic diagram illustrating GIDL.
7. Mobility

Mobility is a measure of the ease with which an electron or hole can move in a semiconductor.
For long channel devices, mobility is determined by impurity and lattice scattering in the Si [10].
The mobility in the channel will be less for the short channel devices. One reason for the
decrease in mobility is because of the effect discussed in section 1ILB.2., velocity saturation,
which occurs as a result of the electric field perpendicular to the gate, E,. The other electric field
to consider is the one perpendicular to the channel, E,. This electric field component causes
scattering of the electrons near the Si surface. The increase in scattering slows the electrons
down, thereby decreasing the mobility with respect to the bulk [15]. E, attracts the electrons to
the interface between the Si and SiO,, and since the interface is not smooth, it will cause more
electron scattering [10]. The mobility will also decrease for an increase in substrate doping.

8. Latch-Up

Latch-up in CMOS is defined when a low resistance path is created from parasitic pnp and npn
bipolar transistors from Vpp to ground. The bipolar transistors form a Si-controlled rectifier that
has positive feedback. The rectifier can form a virtual short between the power supply and
ground. Figure 13 shows the npn and pnp bipolar transistors formed from a CMOS inverter
cross section. The excessive current, if not stopped, can destroy the circuit or the circuit will not
work properly until the circuit gains control [15]. In order to prevent latch-up, circuits must be
designed so that the parasitic rectifier stays in the high impedance state [26].
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Figure 13. Schematic cross section for latch-up.

The current-voltage characteristics can be seen Figure 14 which shows the high and low
impedance states. The curve has two main points (Vy, L) and (Vy, I;). The current below the
point (V, L) is the high impedance region and the current above is the negative differential
resistance region. The negative differential resistance region continues until the second point of
interest (V, In). After this point the device is in the low impedance region. Vj and I are
referred to as the holding voltage and current, respectively, and V and I are referred to as the
switching voltage and current, respectively. For most cases a good circuit for latch-up is defined
when Vpp is less than V. Keeping Vpp below the V will ensure latch-up cannot continue after
the transient trigger pulse becomes quiescent. If Vpp is greater than V| the circuit could remain
in latch-up after the transient trigger pulse is no longer present [26].

1
A

Vh Vs

Figure 14. Latch-up I-V characteristic.
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The potential for latch-up will still remain as circuit dimensions are decreased. 'The probability
of latch-up increases as the distance d in Figure 13 decreases. IBM Microelectronics has shown
that as the n" to p” distance is decreased, Vi, will decrease linearly until 1 um. Below 1 um, Vy
decreases less and begins to saturate. Also V}, is dependent on trench isolation. Vj, will be less
than Vpp for most general cases that impose possible latch—up. Vpp should decrease as the n* to
p" distance is decreased, which will help to reduce the probability of latch-up. Latch-up from the
power supply will not be the main contributor from scaling effects. As devices continue to be
scaled the main causes of latch-up will come from transmission line reflection from the output
pads or noise coupling. Layout ground rules will force designers to consider latch-up effects in

their designs in the future [26].

9. Interconnects

Interconnects can be scaled using the constant electric field scaling mentioned in section IIL.A.
The width, length, insulator thickness, and spacing between lines can all be scaled by the
constant K. The material properties are assumed to remain constant, such as the resistivity of the
metal and dielectric constant for the insulator. If these assumptions are correct, the capacitance
of the wire per unit length will remain the same. The wire resistance, on the other hand, does not
decrease, but increases by K. The resistance per unit length (R,,) increases by K*. Therefore the
RC time constant increases by K*. The RC time delay (1,) formula is given by

2
T, = %Rw ([(2 )Cw(%} Equation (10)

The RC delay remains constant since the K terms cancel. For aluminum (Al) this does not pose

a problem since the RC delay becomes [27]
* 1018 14 2 .
Ty =310 x Equation (11)

which equals 1ps of delay or less. This number is much smaller than the intrinsic delay for 0.1
um CMOS technology, which is approximately 20 ps [27,28]. Also worth mentioning is that the
current density increases by K (see Table IV), forcing long term reliability issues such as
electromigration to be addressed.

The above discussion is for local wires. While the RC delay time for local wires will not cause
problems, the delay time for global wires will. Global wires are on the order of the chip size.
They are not scaled down by K. The chip size usually does not decrease, but will more likely
increase slightly as more and more transistors are added with each iteration of more powerful
chips. Since the chip size is basically the same, the RC delay time will increase by K? for global
wires. Global wires will only cause a problem if they decrease by K for each shrink. A solution
for this problem is to use constant scaling for the local wires and not to scale or scale-up the
global wires. Eventually the scale-up approach will have problems as it approaches the limits
when the inductive effect out weighs the resistive effect. When this happens the signal rise time
is shorter than the time it takes the signal to travel to the end point [27]. An alternative solution
is to replace Al with a lower resistivity material, such as copper (Cu). We discuss this approach
in section IILE.3.
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C. Reliability Concerns in Scaled-down MOSFET Technologies

The time-zero, or initial, device characteristics are certainly of great importance and require
special attention in the development of advanced MOSFET technologies. The choice of the
channel length, gate oxide thickness, substrate doping and source/drain engineering determine to
a great extent the device performance. When designing smaller devices, one must also consider
the impact of scaled-down dimensions on the reliability of integrated circuits. Reliability
engineering is concerned with how well an integrated circuit performs over time, and it is the
responsibility of the reliability engineer (through modeling and accelerated testing) to ensure that
the lifetime of a scaled-down device is acceptable. There are many potential failure mechanisms
in modern Si MOSFET technologies, such as hot carrier degradation, gate oxide breakdown and
interconnect failure due to electromigration. Generally, these mechanisms are more likely to
lead to failure in scaled-down technologies because of higher electric fields and current densities.
An optimum device and circuit design is one that meets both performance and reliability
specifications.

1. Hot Carrier Degradation

The mechanism of hot carrier degradation in an n-channel MOSFET (Figure 15) is typically
described by the “Lucky Electron” model [29]. When a device is operated in saturation mode,
electrons are injected into the drain-substrate depletion region. Since the electric field is quite
high in this region, some electrons acquire enough energy to cause impact ionization (i.e.,
electron-hole pair generation) and are referred to as hot electrons [30]. The maximum electric
field is located between the pitch-off point and the drain-substrate metallurgical junction.
Electrons generated in the drain-substrate depletion region may be redirected (i.e., momentum
changed) toward the gate oxide. At the same time, holes generated in the drain-substrate
depletion region will give rise to a substrate current, Iy, as illustrated in Figure 15. (The
monitoring of Ly has proved invaluable as a means of modeling hot carrier effects. A higher
value of L corresponds to a higher impact ionization rate.) If hot electrons with energy > 3.2 eV
overcome the potential barrier between Si and SiO,, they may be trapped in the oxide and give
rise to a gate current [30,31]. It is also possible for hot electrons with energy > 3.7 ¢V to
generate interface traps, or surface states, at the Si-SiO, interface [29].
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Figure 15. The mechanism of hot carrier degradation in an n-channel MOSFET.

Hot carrier degradation in n-channel MOSFETs results from interface state generation and fixed
charge formation. This damage produces shifts in 1) threshold voltage, 2) mobility, 3) sub-
threshold current swing, and 4) transconductance [29]. In the case of 1), the threshold voltage
increases with time while the device is operated in saturation mode, which results in a lower On
Current (I,,). In the case of 2), the mobility decreases with time, which also results in a lower
L. Based on the model proposed by Hu, et al. [29], the threshold voltage increases because the
generation of interface traps reduces carrier density and mobility at the drain side of the channel.
The worst case device degradation is observed when I is a maximum. Both the threshold
voltage and transconductance shifts are proportional to the average trap density, which in turn is
inversely proportional to Leg [29,32]. Therefore, reducing the channel length will produce a
lower hot carrier lifetime. (The hot carrier lifetime is defined as the time required to cause a
certain threshold voltage shift or a corresponding decrease in L,,.) Increasing the drain-source
voltage also produces a lower lifetime since the electric field in the drain-substrate depletion

region is higher.

22



Gate Contact

_VGS
Channel Length
Shortening
P T TT TS TS
- . Injected Charge / -Vps
__ S10, f¥ /

p" (Source)

?& p" (Drain)

@ Substrate

Current
n-well

Figure 16. The mechansim of hot carrier degradation in a p-channel MOSFET.

Since the energy barrier between the Si and SiO; is lower for electron injection (3.2 €V) than for
hole injection (4.7 eV), hot carrier degradation is more severe for n-channel MOSFETs than for
p-channel MOSFETs [10,31]. Nevertheless, hot carrier degradation in submicron p-channel
MOSFETs can be a serious concern [33]. When the device is operated in saturation mode, holes
are injected into the drain-substrate depletion region (see Figure 16). Some holes acquire enough
energy to cause impact ionization and are referred to as hot holes. Electrons generated in the
drain-substrate depletion region may be redirected toward and trapped in the oxide. If the
density of trapped electrons is sufficiently high, the excess negative oxide charge will attract
holes to the Si-Si0O, interface and cause an extension of the drain into the n-well region. This
results in a reduction in Ly and a decrease in the absolute value of the threshold voltage, [Vt|.
This can be a serious problem for short channel devices, especially those that are sensitive to
subtle changes in Leg due to DIBL. The worst case device degradation occurs when the gate
current, Iy, is a maximum. The electron trapping mechanism is dominant for [Vg|< [Vds|, while a
hole injection mechanism is dominant for [Vgl>[Vds| Hole injection has the opposite effect as
electron trapping by producing an increase in [Vt|.

Hot carrier effects can be more pronounced in short channel devices because it is usually not
possible to maintain the same electric field in the scaled-down device. This is certainly the
situation that arises when a constant voltage scaling approach is implemented. In order to use
relatively high power supply voltages and at the same time minimize hot carrier degradation,
modern MOSFET technologies commonly implement a lightly doped drain (LDD) structure
[30,34]. The purpose of the lightly doped region, n’, between the drain and the channel (Figure
17) is to shift the position of the peak electric field in the depletion region toward the drain. The
magnitude of the field is also reduced [30,34], where the peak electric field exhibits a minimum
value as a function of the n” dose [35]. The net effect of the LDD structure is a reduction in I,

23



and the impact ionization rate, which results in a lower generation of interface states and less
electron injection into the oxide.
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Figure 17. LDD structure for an n-channel MOSFET.

As the effective channel length approaches 0.1 um, the gate oxide thickness reaches 3 nm, and
the power supply voltage drops below 1.5 V, there is still debate as to whether or not degradation
due to hot carriers will limit MOSFET scaling. For example, it has been suggested that scaling
down the oxide thickness will not be limited by hot carrier degradation [22]. It was found that
oxide films in the range of 5.6-15.6 nm exhibit comparable I,, shifts, suggesting that thinner
oxide MOSFETs degrade less than thicker oxide MOSFETs when both sustain the same amount
of hot carrier damage [22]. Similarly, Frey speculates that if devices become short enough, the
electrons may not undergo many scattering events as they travel from the source to the drain.
Therefore, the energy gained by the electrons as they arrive at the drain will be reduced as the
channel length decreases, which implies that the hot carrier reliability might improve for short
channel devices. [36]. Recent studies, however, have shown that hot carrier degradation is
expected even at a relatively low drain-source voltage of 0.7 V [1]. It was found that the impact
ionization rate is only a function of the lateral electric field, even for an effective channel length
of 0.1 um. Moreover, theoretical calculations and experimental evidence indicate that hot
carrier reliability problems will persist below 0.1 um (even as power supply voltages are
reduced) due to new mechanisms such as electron-electron interactions [37,38,39,40,41] and
secondary impact ionization [42,43]. These new mechanisms arise because of larger vertical
fields in short channel length devices. The vertical fields are controlled by the abruptness of the
drain-substrate depletion region. As Leg decreases shallower junctions are required to reduce
punch through effects, which results in more junction abruptness and larger vertical fields.

In the case of electron-electron interactions, it is possible for one channel electron to collide with
another channel electron of the same energy. One of the electrons may lose its energy to the
other electron, giving this electron two times the energy of the drain-source supply energy [37].
Simulation techniques have predicted that the high energy tail of the electron energy distribution
will be dominated by electron-electron scattering for drain voltages < 3 V [41]. In one study
[37], the electron energy distribution was determined by solving the one-dimensional spatially
dependent Boltzmann transport equation that includes electron-electron interactions. It was
found that for a long (0.25 um) channel length device and a drain voltage of 1.5 V, the high
energy tail (i.e., low probability tail) of the electron energy distribution was only slightly
increased when electron-electron interactions were included. On the other hand, for a short (0.07

um) channel length device and a drain voltage of 1.5 V, the high energy tail of the electron
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energy distribution was greatly increased when electron-electron interactions were considered.
This implies that the hot electron population is expected to increase significantly for very short
channel devices due to electron-electron interactions. Recently, Rauch, et al. [41], have shown
experimentally that electron-electron scattering must be considered in order to accurately model
hot carrier degradation for effective channel lengths in the range 0.07-0.10 um.
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Figure 18. Impact ionization feedback process in an n-channel MOSFET.

In the case of secondary impact ionization, a feedback process occurs in which secondary
electrons (holes) contribute to a gate current [43]. Figure 18 illustrates the impact ionization
teedback process for an n-channel MOSFET. Channel electrons, e1, create electron-hole pairs, e,
and h,, through impact ionization in the drain-substrate depletion region. The secondary
electrons, ey, are swept into drain while the secondary holes, hy, are swept into the substrate [43].
These secondary holes create more electron-hole pairs, e3 and hs, through impact ionization. The
hz holes contribute to the substrate current, while the e3 electrons are swept back into the drain-
substrate depletion region. Large vertical fields in this region can give the e3 electrons enough
energy to surmount the Si-SiO, barrier (3.2 €V) and thereby contribute to a gate current [43].
The e3 electrons also lead to additional impact ionization. For relatively long channel-length
devices operated at high Vds, the electron energy distribution is not affected by secondary
impact ionization because of weaker vertical fields in the drain-substrate depletion region.
Therefore, for long devices, the gate current will be controlled by the e; channel electrons. But
for relatively short channel-length devices operated at low Vds, the high energy tail of the

electron energy distribution is significantly affected by secondary impact ionization because of
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stronger vertical fields in the drain-substrate depletion region. Therefore, for short devices, the
gate current is controlled by the e3 electrons.

2. Gate Oxide Degradation and Breakdown

During device operation, the electric field across the gate oxide can be large enough for carriers
to be injected into the oxide, thus causing leakage currents or catastrophic failure. In the case of
leakage currents, the device may continue to operate but at a lower performance. In the case of
catastrophic failure, the device ceases to operate since the oxide conducts an excessively high
current and no longer has control of the charge in the channel.

In addition to carrier injection due to hot electrons, as discussed in the previous section, carriers
can also be injected into the gate oxide by Fowler-Nordheim tunneling and direct tunneling [10].
(Oxide tunneling was also discussed in section III.B.6.a.) The Fowler-Nordheim situation
involves electrons tunneling into the conduction band of the gate oxide (Figure 19a). This is a
quantum-mechanical phenomenon in which the probability increases for larger oxide fields and
thinner oxides. The gate tunneling current is exponentially dependent on the oxide field [10]. In
the direct tunneling case, electrons tunnel through the energy gap of the oxide directly to the gate
contact (Figure 19b). Here, there is a weaker dependence on the oxide field than for Fowler-
Nordheim tunneling. Direct tunneling is dominant for oxide thicknesses < 60 nm. A lower limit
on the gate oxide thickness will be reached when the tunneling current removes carriers from the
channel faster than they are thermally generated [10].
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Figure 19. Schematic energy band diagrams for (a) Fowler-Nordheim tunneling and (b) direct tunneling.

26



Catastrophic breakdown of the gate oxide occurs at electric fields as low as 6 MV/cm and is
characterized by a weakening of the oxide due to tunneling current followed by the creation of a
highly conductive path between the Si substrate and the gate contact [10]. Catastrophic failures
are usually placed into one of two categories; 1) extrinsic (defect-related) failures, or 2) intrinsic
(wearout-related) failures. Extrinsic failures have relatively short lifetimes due to inherent weak
spots or defects in the gate oxide. The defects, which include sodium contamination, metal
contamination, surface roughness, and localized oxide thinning, are all related to the process of
forming the gate oxide and/or to the processes that precede or follow the formation of the oxide
film [10]. Intrinsic failures have relatively long lifetimes due to the absence of defects in the
gate oxide. Breakdown of intrinsic oxide usually occurs at electric fields > 10 MV/cm.

Extrinsic failures ultimately represent the limiting factor for oxide reliability. The mechanism of
extrinsic breakdown is not well understood, although some models have been proposed. In one
model, known as the reduced barrier height model, the presence of oxide defects may reduce the
barrier for Fowler-Nordheim tunneling [10,44]. In a second model, known as the oxide thinning
model, defects cause oxides to act like intrinsic films with an effective oxide thickness less than
the physical thickness [10]. Since extrinsic breakdown is related to defects introduced into the
oxide after processing, it is important for defect levels and sizes to be properly controlled during
manufacturing. A given defect level or average defect size will certainly have a greater impact
on the reliability of thin oxides than on thick oxides. Defect levels can be reduced to a certain
extent through adequate substrate preparation and pre-oxidation cleans [45].

Many failure mechanisms for intrinsic gate oxide breakdown have been postulated over the years
[46]. In one mechanism, the interface trap density increases as the oxide degrades. This results
in a local softening of the interface, which eventually leads to breakdown. In another
mechanism, positive or negative charge trapped in the oxide reaches a critical value, resulting in
an increase in current flow and eventual breakdown. A third mechanism is concerned with the
neutral electron trap density. Here, the initial trap density is quite small but increases over time
while an oxide electric field exists. Breakdown occurs when the trap density reaches a critical
value and a local conductive path (through the traps) connects the gate contact with the Si
substrate. Here, it is found that the critical trap density required for breakdown to occur
decreases as the oxide thickness decreases. For all of these mechanisms, the probability of
failure increases as the oxide electric field increases and/or as the oxide thickness decreases.

The extrinsic and intrinsic breakdown lifetimes of gate dielectrics can be improved for thin
oxides (< 10 nm) by a stacked gate oxide process [45]. Here, a chemical vapor deposition
(CVD) oxide film is deposited on top of the thermal oxide. The advantages of this process over
a conventional thermal oxide process are: 1) lower probability that defects or weak spots in each
component layer will align, 2) contains fewer defects originating from the substrate because less
Si is consumed. The reliability of stacked gate oxides is significantly improved, which may
allow scaling to thinner gate dielectric films than would possible for conventional thermal
oxides.

For thin oxides (< 10 nm), leakage currents measured at low applied electric fields increase after
application of high fields. These currents, which occur in the direct tunneling region of device
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operation, are commonly referred to as stress-induced leakage currents (SILCs) [46]. A trap-
assisted direct tunneling mechanism has been proposed for this phenomenon, in which the
generation of neutral electron traps (in the oxide) leads to an increase in current flow [47]. Very
few neutral trapping sites can cause a significant increase in the direct tunneling current.
Moreover, these trapping sites can be produced during oxide processing. Therefore, SILCs are
expected to be of greater concern as the gate oxide thickness is scaled down. SILCs may
represent a greater reliability concern than actual oxide breakdown for some MOSFET
technologies, such as nonvolatile memories [46,47].

The reliability of the gate oxide may ultimately place a limit on MOSFET scaling. It has already
been demonstrated that large tunneling currents (due to direct tunneling) occur in oxides thinner
than 4 nm at a gate potential of only 2 V [1]. Although these large currents (10° A/em? for a 3
nm oxide at 2 V) may not significantly impact the time—zero device performance, the long term
effects on charge trapping and oxide breakdown may be cause for concern [1]. Hu has
suggested that oxide breakdown and circuit speed will dictate the optimal choice of oxide
thickness and power supply voltage for film thicknesses down to 3 nm [48]. Oxide leakage
currents may limit scaling to 2.0-2.5 nm for logic applications (1 V gate voltage) and 3 nm for
DRAM applications [48]. (The oxide scaling limit due to tunneling currents is a controversial
subject. As mentioned in section IILB.6.a., one group speculates that tunneling current through
the gate oxide will not be a limiting factor for oxides as thin as 2.0-2.5 nm [18].)

The daunting prospect of oxide reliability being the limiting factor for MOSFET scaling was
emphasized at the 1998 International Electron Device Meeting. Stathis and MiMaria [49]
presented data which suggest that the SiO, thickness cannot be reduced much below 2.6 nm (for
1 V supply voltage) due to unacceptable reliability. The slope of the breakdown distribution
decreases as the gate oxide thickness is reduced, leveling oft at 1 for thicknesses below 2.5 nm.
This implies that failures will occur much sooner for thin oxides, thus making 10 year lifetime
requirements for integrated circuits unattainable. It must be realized, however, that this study
(like most oxide reliability studies) was performed on MOS capacitor structures with a critical
area much less than that of actual IC chips. Gate oxide lifetime projections are based on scaling
the test structure area to the actual chip area, which may not be accurate.

3. Interconnect Failure due to Electromigration

For over thirty years, ICs have relied on Al based interconnects to carry current to and from
active devices. The reliability of these interconnects is generally limited by a phenomenon
known as electromigration. Electromigration is the motion of atoms in a conductor due to the
passage of current. It is basically a diffusion phenomenon in which momentum is transferred
between the electrons and the conductor atoms [50].

Electromigration can lead to failure by one of two mechanisms. In both cases, a net amount of
Al migrates in the direction of the electron flow. In the first case, a void is left behind at the
negative end of the interconnect. Since the early 1980’s, many ICs have utilized multilayered
interconnects (i.e., Al with underlayers and/or overlayers of titanium, titanium-nitride or
tungsten).  Therefore, as the void continues to grow due to continued mass transport, the
resistance of the interconnect increases until open circuit failure occurs [51]. In the second case,
accumulation of Al occurs at the positive end of the interconnect. This accumulation causes
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pressure to be exerted on the surrounding insulator, and failure occurs when the extruded
material reaches an adjacent interconnect.

Although electromigration performance is significantly improved by introducing small amounts
of copper (Cu) into the Al matrix [52], MOSFET performance and density requirements lead to
higher current densities in the metal interconnects. For a given temperature, the electromigration
lifetime is proportional to j™ [50], where j is the current density and n is an exponent that ranges
in value from 1-2 [53]. Therefore, the interconnect lifetime is expected to decrease with each
succeeding MOSFET generation (see Table IV). Cu based interconnects show a substantially
longer (10-100x) electromigration lifetime as compared to Al [54,55].  Therefore, as Cu
gradually replaces Al for feature sizes < 0.3 um (primarily due to increased performance
demands), failure due to electromigration is expected to be less of a concern. We discuss Cu
metallization in further detail in section IILE.3.

4. 'Trade-off Between Performance and Reliability

The main purposes of MOSFET scaling are to 1) provide a roadmap for design and 2) require the
actual design to focus on optimization of short channel effects. For digital applications, it is
critical that the device threshold voltage is large enough (>0.4 V) in order to reduce Lg and the
noise sensitivity. While scaling certainly improves performance by producing a larger I,, and
increasing the switching speed, scaling also introduces short channel effects in submicron
devices that adversely effect the device performance and long term reliability. Device designs
that improve circuit performance may be detrimental to the MOSFET reliability, and vice versa.
For example, reducing the depth of the source and drain regions leads to less threshold voltage
reduction due to DIBL and less junction capacitance. But at the same time, shallower junctions
are more abrupt and result in larger electric fields in the drain-substrate depletion region. These
larger fields may cause more oxide damage than expected due to new hot carrier effects, such as
secondary impact ionization [42]. Likewise, although reducing the oxide thickness improves
performance since I,no<C,y thinner oxides are more susceptible to catastrophic breakdown, direct
tunneling currents and SILCs [45,46,47]. Conversely, while the LDD structure described above
reduces hot carrier effects and allows shorter devices to be operated at higher voltages, the n°
regions increase the series resistance and thus lead to a lower L, [30,34].

It is interesting to note that the introduction of Cu metallization into CMOS technologies is one
area that will likely lead to increased chip performance and improved reliability [54,55]. As
mentioned in section IIL.B.9., the RC time delay for global wires poses a problem for Al
interconnects. Cu has a significantly lower resistivity than Al (1.7 uQ-cm versus 2.7 uQ-cm),
which results in a lower interconnect RC time constant. This advantage should allow future
interconnect scaling to be consistent with high performance and high density requirements. At
the same time, Cu films exhibit several orders of magnitude higher electromigration lifetime
compared to Al films. This should improve interconnect reliability and allow higher current
densities to be used at operating conditions.
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D. Techniques to Control Short Channel Effects

As Si MOSFET technologies approach the 0.1 um regime, short channel effects such as DIBL,
shifts in Vt, punch through and mobility degradation are more likely to hinder device scaling
[56]. Punch through, for example, is controlled in conventional MOSFETs by using higher
substrate (channel) doping as the channel length is reduced. But this approach has limitations
since higher substrate (channel) doping decreases channel mobility and results in lower Vt
control [56]. In order to reduce the channel length and at the same time maintain an acceptable
threshold voltage, channel mobility and punch through control, state-of-the-art MOSFET
technologies implement source/drain-engineered and channel-engineered devices (see Figure
20). In this section, we discuss the device characteristics and hot carrier reliability of these
engineered structures.
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Figure 20. Schematic diagram illustrating various aspects of device engineering.

1. Source/Drain Engineering

One way to reduce short channel effects is by using source drain extensions (SDE). The LDD
structure mentioned in section IIL.C.1. is an example of source drain extensions. SDE can be
formed by first etching the gate followed by ion implantation forming the SDE. After the SDE
implant a spacer will be added attached to the gate. The spacer’s purpose is to block the higher
dose source/drain (S/D) implants. The SDE should be relatively shallow compared to the S/D
implants. The deeper the SDE the more short channel effects increase. But on the other hand,
the shallower the SDE the higher the external resistance. The external resistance can be broken
down to five resistors in series. The current in the channel flows first through the channel
(accumulation region) next to SDE (spreading resistance) then through the deep source implant
(shunt resistance) and finally through contact resistance. The main components of the external
resistance are the Raccumuration and the Rsprraping resistance. When transistors are scaled the
channel length becomes smaller and the SDE depth becomes narrower. The channel resistance
decreases but the SDE resistance increases. Scaling of the depth can not continue forever. Intel

proposes that SDE depths below 30-40 nm will have little to no benefit for devices with gate
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lengths less than 0.1 um. The reason for this is that any gain in short channel effect because of
reduced charge sharing will be balanced out because of the increase in external resistance. Also
if the SDE depth is very narrow it will not extend far enough under the gate. The SDE must
extend under the gate to increase drive current. If the SDE does not extend enough under the
gate the current will spread out more in the lower doped part of the SDE. This will cause an
increase in the Raccumiamion and Rspreaping resistance. The increase in the overall external
resistance will decrease the maximum drive current [4].
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Figure 21. Components of external resistance [4].

As was presented above, the SDE is created using an ion implantation. lon implantation can
cause implant channeling and also cause transient enhanced diffusion. Both of these effects can
cause the SDE to be deeper than intended, which will increase short channel effects. Decreasing
the implant energy can control the effect, but this will not be able to continue for smaller SDE
for p-channel MOSFETs using Boron as the implant. An alternate method for doping the
channel is to use BSG (borosilicate glass) indiffusion. The BSG is place directly on the silicon,
as illustrated in Figure 22. This process has been shown not to suffer from the same effects [57].
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Figure 22. BSG (borosilicate glass) indiffusion
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2. Channel Engineering

a. Lateral Channel Engineering - Halo Implants

One way of reducing short channel effects by extending Vt roll-off is through halo implants.
Halo was originally observed in oxidation-enhanced-diffusion that is challenging to control [16].
Halo implants increase the doping near the source and drain implant (see Figure 23).

A~ Spacer
n n
Halo implants
p-type

Figure 23. Halo implant for an n-channel MOSFET.

The implants near the source or drain can be symmetrical or asymmetrical. Halo implants do
help reduce short channel effects such as DIBL, punch through, and Vt roll-off. But also halo
reduces drive current in the transistor. The trade off between drive current and the reduction of
short channel effects must be considered to maximize performance of the transistor [58]. The
halo implants can be vertical or can have a tilt. They are usually added after the gate pattern is
finished. The implants add more of a barrier between the source drain junction with the channel.

Halo implants only add small increases of V't for long devices, but much larger increases can be
seen with short channels. Figure 24 below shows the doping concentration for a halo and non-
halo device.

Halo Well

l Conventional Well

l
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Figure 24. Schematic showing a lateral surface cut of the well doping near the SiO, interface [4].
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For conventional MOSFETs the threshold voltage most not roll off more than 100 mV.
According to this requirement, transistors could not be fabricated below 0.3 um without the use
of halo implants. With halo implants, transistors can be scaled well below 0.2 um [59]. Figure
25(a) below shows the increase in the threshold voltage as the halo implant is increased. Figure
25(b) after that shows the decrease in loff for devices with halo implants. Also, Figure 25(a)

shows Vt roll-up which is more dominant for the strong halo.
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Figure 25. n-channel MOSFET characteristics for no halo, halo and strong halo. (a) Vtversus Legand (b)
Log(I.g) versus Leff [4].

IBM reported on 0.08 um MOSFETs with strong halo to control short channel effects. They
found the halo implant strongly effects the I-V curves for an intrinsic n-channel MOSFET.
Intrinsic MOSFETs are used in analog PPL designs and also used in I/O voltage translation
circuits. The Vtis increased but as the gate voltage increases the I-V curve changes slope as if it
was a long channel device with a very low Vt. The MOSFET can be interpreted as a short
channel MOSFET with a high Vt in series with a longer channel with a low Vt. Figure 26(a)
below is a simulation done to compare MOSFETs with and without halo implant. As can be
seen in the figure there are two linear regions for the transistor with a halo implant. The first
linear region is the halo region and the second linear region to the right is the low Vt transistor.
Figure 26(b) plots actual measured data from an intrinsic transistor [60]. The figure shows that
Vtincreases as the substrate is biased more negative.
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Figure 26. (a) Simulated I-V with and without halo and (b) Actual I-V with halo and substrate bias [60].

The Amercan Institute of Physics reported how halo implants shift the V't of long devices (20 um
width, 20 um length). The halo implant should have little effect of longer devices. The report
found the reason the longer devices Vt shift is because the halo implant channels through the
polycrystalline silicon gate. The conclusion of the paper was to either increase cap oxide over
the gate to reduce the channeling or reduce the implant dose [59].

b. Vertical Substrate Engineering - Retrograde Channel Profiles

Conventional channels, formed by implanting dopants into the substrate and diffusing them (at
high temperature) to a certain depth, can be quite susceptible to short channel effects such as
punch through, mobility degradation and latchup. One design that minimizes these undesirable
effects is known as a retrograde profile. Such a design is achieved by using high energy ion
implantation to place dopants at a desired substrate depth and then annealing at a low
temperature to activate the implants [10]. A key feature of retrograde structures is the use of
slow diffusing dopants such as arsenic or antimony for p-channel devices and indium for n-
channel devices [4]. Figure 27 illustrates the doping profiles (simulated) in conventional and
retrograde implanted p-well structures. As can be seen from the figure, the doping concentration
for the conventional well is highest at the Si surface and decreases as one moves further into the
p-well. The peak of the retrograde doping profile, on the other hand, is highest at a certain depth
within the Si substrate and decreases as one approaches the Si surface. The slope of the doping
profile between the location of peak concentration and the Si surface can be quite high, as is the
case for super steep retrograde (SSR) channel profiles. Some of the advantages of retrograde
over conventional channel engineering are summarized as follows:

1) Increased packing density since high energy ion implantation results in less lateral

diffusion of the implanted dopants [10].

2) Higher surface mobility (i.e., less impurity scattering in the channel region near
the Si/Si0; interface) due to a lower surface concentration of dopants [56,61].

3) Better control of Vt due to lower surface doping [56].
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4) Reduction in DIBL because the drain depletion width extends less into the

retrograde well, resulting in shorter minimum channel lengths for the same Ly

leakage current (see Figure 28) [4].

5) Better control of punch through since the doping concentration at the bottom of
the well is higher [10].
6) Increased protection against latchup because the conductivity in the bottom of the

well is increased [10].
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Figure 27. Comparison of conventional and retrograde p-well profiles [10].
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Figure 28. Minimum L.g versus threshold voltage for SSR and conventional well structures [4].
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While SSR channel profiles are known to improve short channel effects in sub-0.35 pm CMOS
technologies [62], devices with retrograde profiles have lower saturation drive current than that
of conventional profiles [62,63]. (It should be noted that the linear drive current is significantly
higher for retrograde profiles compared to uniform doping profiles [63]. This result is not
surprising given that the surface mobility is higher for retrograde devices.) The drive current, I,
in saturation is given by [62,64/

V. -V)?
14=K#CM—( ) ; A=
L 2(1+A) 4,9,

Equation (12)

where W is the mobility, ¢p is the surface potential under strong inversion and Y is the body
factor. Since Y is proportional to (NSUB)UZ, where Nsyg is the peak doping concentration in the
substrate, Iy is expected to be lower for retrograde profiles. For a 0.35 pm technology, a 10%
reduction in drive current was observed for p-channel devices, while a 5% decrease was
observed for n-channel devices [62]. At the same time, significant improvements in short
channel effects, such as Vt roll-off and DIBL, make it possible to offset the degradation in drive
current by choosing a smaller Leg [62].

Although retrograde profiles help control short channel effects, such as DIBL and punch
through, in modern CMOS technologies, it is not clear whether such channel-engineered devices
will provide the same benefits in the deep sub-micron regime. In one study [65], simulations on
n-channel devices with Leg =0.14 um indicate that the threshold voltage change due to DIBL,
OV(DIBL), is lower for retrograde profiles than for uniformly doped devices at the same
threshold voltage. In addition, the effective mobility was calculated to be higher for retrograde
profiles than for uniformly doped devices for a given Vt and §Vt(DIBL). In a more recent study
[56], however, simulations on n-channel devices with L in the range 0.1-0.8 um indicate that
SSR designs provide less current drive and lower carrier mobility than conventional designs near
the 0.1 um regime. For longer channel lengths (0.8 um), the SSR device shows a higher peak
electron velocity than a conventional device. But for Leg < 0.2 um, SSR and conventional
designs exhibit the same peak electron velocity and nearly the same electron velocity profile.
This implies that the observed higher mobility in retrograde profiles will disappear as channel
lengths approach 0.1 pum.

3. Hot Carrier Effects in Engineered MOSFETs

As explained above, sub-micron CMOS technologies commonly implement channel and
source/drain engineered MOSFETs in order to control short channel effects. While these
structures are expected to reduce the change in Vt due to DIBL and improve punch through
control, the impact of device engineering on long term reliability must also be considered.
Specifically, the effect of device engineering on hot carrier degradation needs to be factored into
the equation for determining the optimum device design.

Since halo implants increase the doping concentration near the drain-substrate junction (or drain
extension-substrate junction in the case of LDD structures), the junction becomes more abrupt
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and the electric field in this region increases [66]. In addition, the location of the peak electric
field moves toward the Si/SiO; interface when halo implants are used. Therefore, it is widely
believed that devices with halo implants are more susceptible to hot carrier degradation. At a
drain-source bias of 5.0 V, n-channel MOSFETs (L=0.5 um) with LDD implants showed a
higher ratio of substrate current, Ly, to drain current, Iy, for higher halo doses [67]. Not
surprisingly, devices with higher halo doses showed more degradation in the saturated drain
current, Ly, and Vt. (For hot carrier degradation due to interface state generation, the shift in
Lisar 1s proportional to (Ly/Ig)™, where m>1 [29].)  Also, structures with the halo implant
performed after the sidewall spacer process and source/drain implantation exhibited increased
hot carrier degradation compared to structures with the halo implant preceding the sidewall
spacer and source/drain implantation [67]. In a recent study, the tilt angle (see Figure 29) as
well as the energy of the halo implant was found to play a significant role in hot carrier behavior
[66]. It was found that for n-channel MOSFETs (Leff=0.20 um) with similar device
characteristics (i.e., Vt roll-off), larger tilt angle (45°)/lower energy halo implant devices showed
less hot carrier degradation than lower tilt angle (25°)/higher energy halo implant devices.
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Figure 29. Halo implants with different tilt angles for an LDD n-channel MOSFET.

The effect of retrograde profiles on hot carrier induced damage has not been widely studied or
modeled. Nevertheless, at least one group of investigators suggests that SSR designs with Leg <
0.2 um will exhibit greater sensitivity to interface state generation compared to conventional
designs [56]. Simulations on n-channel MOSFETs indicate that the peak channel electric field
is always higher (= 10% higher) for SSR designs than for conventional designs in the range 0.1-
0.8 um. Even though conventional designs are expected to experience more hot carrier injection
into the gate oxide for Leff < 0.2 um, SSR designs should exhibit more hot carrier induced
degradation due to a hotter carrier distribution [56].

As mentioned in section IIL.C.1., modern MOSFET technologies commonly implement LDD
structures in order to shift the position of the peak electric field toward the drain and reduce the
magnitude of the peak field [30,34]. Source/Drain engineered structures such as these are much
less susceptible to hot carrier induced degradation. The peak electric field along the channel
exhibits a minimum value as a function of the n” dose [35,67]. Increasing the n” dose above this
point will cause the peak field to increase because Leg is reduced [67]. Therefore, hot carrier
degradation in LDD devices can be optimized by controlling the n” dose.
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E. Unconventional Approaches to MOSFET Scaling

Conventional approaches to MOSFET scaling continue to be the mainstream strategy for
producing high performance IC chips. Reducing the effective channel length and gate oxide
thickness result in faster devices, while implementation of halo implants and retrograde channels
minimize short channel effects such as DIBL and mobility degradation. As CMOS technologies
approach the 0.1 um regime, however, conventional scaling techniques are expected to encounter
many obstacles. For example, itis a tremendous lithography challenge to reproduce feature sizes
less than or equal to 0.1 um. Also, direct tunneling currents and gate oxide reliability concerns
may prevent oxide thicknesses from being scaled below 1 nm. Finally, for features sizes < 0.25
um, chip performance will be limited by the RC interconnect delay rather than the intrinsic gate
delay. As a consequence, many companies in the semiconductor industry are developing
unconventional technologies that are expected to become commonplace in sub-0.10 um CMOS
circuits. In this section, we discuss three of these emerging technologies: SOI, vertical transistor
and Cu metallization/low K dielectric constant insulators.

1. SOI as an Increased Device Performance Alternative

Silicon on insulator (SQOI) technology comes in response to the desire for greater circuit
performance and lower operating voltages as conventional Si CMOS technology approaches its
fundamental constraints. It has been discussed earlier the short channel effects (SCE) suffered
by scaled MOSFET devices such as Vt roll-off and the effect on L, drain induced barrier
lowering (DIBL), punch through, and hot carrier effects due to high electric fields of the
drain/source p-n junctions with the substrate. Various methods of channel engineering have been
applied to suppress these effects. Source drain extensions such as lightly doped drain (LDD) to
reduce electric field of the source/drain p-n junction, halo implants to reduce Vt roll-off and
DIBL, and retrograde channel doping to control punch-through and electric fields have been
utilized with great success. Although the “fundamental” channel length limit set at various times
has always been surpassed, many still concede that the limit for channel length of bulk CMOS is
on the horizon and a few have posed the value at 50nm [68,69].

SQI provides excellent performance at very short channel lengths. The literature indicates
devices as low as 10nm have been measured [70]. When considering the advancement of
performance the Vt/Vdd ratio is often used. Ratios as low as 0.2-0.3 are required for speed,
while anything lower results in greater circuit dependence on Vt variations due to processing.
Taking into account the operating frequency of wireless applications of 1-2GHz, the supply
voltages desired are in the range of 1-1.5V. This means that current CMOS technology targeted
for use in mobile products will require threshold voltages of 200-300 mV and result in large
subthreshold currents (L,¢) [69].

a. SOI Processing

Silicon-On-Insulator is typically processed by one of two methods. The first, called SIMOX
(Separation by IMplanted OXygen), involves implanting oxygen of a certain density within the
silicon wafer. When heated, the oxygen activates and forms a channel of SiO, below the surface

of the silicon. The top surface of Si is then polished to obtain the appropriate SOI thickness.
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Finally, the gate oxide is processed on top to create a layer of silicon sandwiched between two
layers of oxide. The bottom oxide (BOX) is typically a few hundred nm thick but this can be
adjusted for concepts such as the double gate (DGFET) to be discussed later. This is currently

the leading commercial production method.

The second method of processing is called BESOI (Bonded and Etchedback SQOI) and is
comprised of joining an already developed oxide layer and Si layer to form a permanent bond.
There are two techniques to perform this action. In the first, an epitaxial silicon layer with a
buried etch stop is placed in contact with a substrate or “handle” wafer. The handle wafer
already has an oxide on the surface which forms the BOX. When heated, the epitaxial layer is
bonded to the handle wafer. Next, the new top Si surface is etched to the stop to form the SOI
layer, and gate oxide can be placed on top. The second technique is similar to the first except
that instead of using an etch stop, a hydrogen layer is implanted into the epitaxial Si layer. After
joining, the compound is heated to activate the hydrogen, which forms a pocket of gas and
breaks the thin layer of epitaxial silicon off from the bulk, but it remains attached to the handle
wafer to form the SOI layer. The BESOI method can be used to form more complex layer
geometries for special devices. In addition, this second technique can be ramped up quickly for
mass production.

After the thin oxide and gate are placed on the SOI layer, the source/drain diffusions can be
placed by self-alignment. The junction depths of the source and drain are the thickness of the
SOl layer (i.e., the diffusions rest on the bottom oxide layer).

The SQOI layer thickness and doping can be altered to produce two types of silicon-on-insulator
called partially depleted (PD), and fully depleted (FD), SOL The difference between the two
structures of SOI devices lies in the fact that for FD devices, the doping is uniform and low
enough and the SOl is so thin (less that the depletion region formed by source/drain diffusions to
body), that the entire region between source and drain is depleted of majority carriers. For PD
devices, there exists a region of silicon between the source and drain which is not depleted. This
body can be contacted (with area penalty) or left floating depending on the desired device
characteristics. ‘The later choice can result in floating body effects (FBE) which reduce device
performance. In order to reduce FBE, the channel can be adjusted in many of the same ways as
bulk Si, for example, by retrograde doping and halo implants. PD vs. FD device performance
will be discussed later. Table VI illustrates the difference between bulk CMOS, PD, and FD

device cross-sections and their general operation characteristics [71].
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Table VI. Comparison between bulk CMOS, PD SOI and FD SOI devices [71].
FeaTURES OF SOI MOSFET’s

Buik-Si MOS Partially depteted SOI-MOS Fully depleted SOI-MOS
Gate 7 Channel Body Gate P Channel Body Gat . yd Channel
-------- X ] A
Depletion Region —
Si
Partially depleted SOI-MOS Fully depieted SOI-MOS
tems Bulk-SIMOS ™"y fioating Body-tied | Bodyfloating :  Body-tied
ili Good Good Nat Good
(1) Vih contrallability Good {but not small variation) (Gate material work function)
(2) Back |(i)Si-sub bias Large Small Medium
'g;fa:m #)SOl fim bias|  _____ Large Small
{=Body bias)
{3)Break down voltage Good Small Good Small
{4} Current drivability Standard Aimost same as the Bulk-Si MOS Larger then the Bulk-Si MOS
(5) S-factor Standard Almost same as the Bulk-5i MOS Smaller then the Bulk-Si MOS

b. SQOI Device Operation

The benefits of SOI over bulk CMOS with regards to performance and power with greatly
reduced SCE have already been mentioned. In particular, these advantages over bulk CMOS
exist for several reasons: a decrease in the parasitic diffusion capacitances, reduced (or negligible
for FD) substrate bias effect, reduced vertical gate electric field, and reduced or negligible
drain/substrate electric field.

SOI speed improvements of 15-50% over traditional CMOS are commonly reported in various
circuit implementations. An SOI DRAM group reports a 27% improvement in tRAC (access
time) [72]. Another group reports ~30% improvement in NAND gate propagation delay
depending on supply voltage [69], and others report similar improvements for such circuits as
ring-oscillators and critical paths through microprocessors. These improvements are mostly due
to the decrease in parasitic source and drain junction capacitance for SOI devices. Since the
drain and source regions extend to the bottom of the SOI layer, no p-n junction capacitance is
realized along the bottom of the diffusion. Since the bottom oxide can be made relatively thick
(~lum), the capacitance with respect to the silicon substrate is very low. Comparing the
diffusion capacitance for a bulk CMOS, C, vs. the capacitance seen between drain and substrate
(across the BOX) for an SOI device, C,,’, we find:
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using a body doping of 10”° cm?®, and a BOX thickness of lum. Here we already see a 39%

improvement for the SOI just due to a reduction in parasitic capacitance.

Problems arise with the required channel engineering for reduction of SCE, particularly hot
carrier effects and punch-through, in extremely short channel bulk CMOS. Retrograde channel
doping results in a large AV, due to processing variations of the doping concentration and
channel length. The equation below relates this shift in the threshold to channel doping and
geometry where L, is gate length, wp is depletion depth and A is a constant:

AI/t — 37Atole/6

-1/2 .
(Lg wD) Equation (15)

channel

Using Monte Carlo analysis for processing variations, the standard deviation of AV, is 5SmV for
devices of lum in length and 18mV for devices of 0.1um in length [70]. ‘This type of variation
is much too large for some critical circuitry such as differential sense amplifiers where the signal
strength is on the same order. The use of FD SOI devices with uniform low channel doping
eliminates this type of threshold voltage sensitivity.

Other advantages of SOI can be observed. To reduce punch-through, high doping is required for
short channel bulk CMOS devices. For devices on the order Leg=50nm, local substrate doping of
5x10" cm” is required. This high doping can result in leakage current from drain to substrate
(i-e., tunneling current). The low doping concentrations in the channel for SOI devices (FD in
particular) eliminate this tunneling current. The existence of the BOX reduces the vertical
electric field from the gate into the body of SOI structures and thus results in less mobility
reduction in the channel. Finally, the existence of a conducting channel at the bottom silicon and
oxide interface, as in the case of the DGFET shields parasitic field lines from drain to source

which would otherwise result in hot carrier effects.

Comparing PD and FD SOI devices from Table VI, partially depleted devices have current
driveabilities much closer to that of bulk CMOS. The process window is much larger than for
tully depleted devices for better manufacturing. Floating body effects exist for PD devices.
Fully depleted devices show a much greater current driveability and show negligible FBE but Vt
controllability for such thin SOl becomes a daunting task.
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Two main challenges that SOI technology faces are a short channel effect called the kink effect
and FBE. The kink effect can be observed for PD SOI devices as a change in the output
conductance as seen in the Id vs. Vds curves of Figure 30(a).
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Figure 30. (a) Id v. Vds for PD SOI device [68] and (b) comparison of bulk to SOI CMOS differential
amplifier transfer curve [73].

This change in output conductance is detrimental to the operation of analog differential
amplifiers as it significantly reduces gain. This can be seen as a reduction in the slope of the

transfer curve of the SOI circuit compared to a bulk CMOS circuit shown in Figure 30(b).

Floating body effects are manifested as a decrease in the sub-threshold Id-Vgs slope and a high
L. The main strategy to eliminate FBE is to make the SOI ultra-thin in order to fully deplete the
substrate (go from PD to FD device). Another alternative which is growing in popularity is to
use PD devices and tie the body to a controlled voltage. This does result in an additional area
required for this contact, but the control of the body in SQOI structures can be used to further
increase device performance. A cross section of such a device used in a 16Mb SOI DRAM is

shown in Figure 31 [71].
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A-A Cross section B-B Cross section

Figure 31. Cross section of a PD SOI device with body contact [71].

During periods when the device is not switching or in standby states, the body voltage can be
brought low to increase threshold voltage and reduce L. When the device goes into operation,
the body voltage can be increased (even positive voltage applied as long as it does not forward
bias the body-source p-n junction) to allow for extremely fast switching. In the case of the
DRAM sense amplifiers, the body was used to enhance and speed up the delicate operation of
sensing cell data [71].

It would appear then that in most cases, FD devices would be preferred due to the enhanced
performance and reduction of FBE and the kink effect over PD devices. Studies at the IBM
Semiconductor Research and Development Center have shown that undepleted SOI results in
better short channel effects than ultra-thin FD SOI and that FD SQOI has very rigid contraints
placed upon its device design [73]. The team used the FIELDAY device simulator to observe
the FBE on a relatively thick 150nm PD SQOI film compared to an ultra-thin 25nm FD device.
FBE result because of a parasitic bipolar transistor that can be drawn between the source, body
and drain in an SOI device. Varying the carrier lifetime in the simulator is the same as adjusting
the bipolar gain. For the ultra-thin device, the subthreshold curves remain unchanged while the
carrier lifetime was varied over five orders of magnitude, from 1te=1:p=10_4 to 107 s. However, if
the SOI thickness is varied even slightly (25-50nm), the L¢ becomes unacceptable. Reducing the
carrier lifetime, this SOI thickness dependency was significantly reduced as shown in Figure 32.
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Figure 32. Id vs. Vgs characteristics for (a) carrier lifetime variation of an FD SOI device and (b) SOI
thickness variation [73].

Thus, in order to keep the npn (for n-channel MOSFET in this case) parasitic effects down, the
SOI thickness must be made “impractically thin”. In general, bulk CMOS requires high
substrate doping (10'® cm™) for elimination of SCE as mentioned previously. This results in a
depletion region width of:

2K g,(\W, + V%) Y2
gN,

=65nm Equation (16)

X, =

Thus, the SOI thickness must be less than 65 nm. The IBM team goes on to show that a PD
device with retrograde doping in the channel and source and drain extension halos was used to
significantly reduce the floating body effects to a tolerable level as carrier lifetime was varied
over the five orders of magnitude (see Figure 33).
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Figure 33. Id vs. Vgs dependency on carrier lifetime for PD SOI device with retrograde channel and halo
implants [73].
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c. Double Gate Structures

To further increase the performance of SOI structures, use of the substrate below the BOX was
biased to create a ground plane below the silicon layer. This plane provided termination of the
drain to source electric field which gives rise to hot carrier degradation in bulk CMOS. Later this
substrate directly below the BOX was replaced with poly-silicon to form a second gate which
was actively used during operation to create a second channel below the silicon. This second
gate was utilized as early as 1987 [74]. H. S. Wong describes this as an evolution of the SOI
technology as shown in Table VII [68].

Table VII. The evolution of SOI technology [68].

Variant Strengths Weaknesses
Partially depleted SOI 1. Channel design bulk-like | 1. Very susceptible to floating body
2. VT insensitive to BOX effects (but solutions are
interface available)
2. Same scaling constraints as bulk
Fully depleted SOI 1. Elimination of floating 1. VT sensitive to SOI thickness
body effects and back interface
2. Elimination of punch- 2. Back-channel potential may be
through currents influenced by drain voltage
3. Elimination of drain- 3. Difficulty of contacting thin SOI
body tunneling
Ground Plane (GP) 1. Same as FD SOI 1. VT sensitive to SOI thickness
2. GP shields channel from 2. Difficulty of contacting thin SOI
drain 3. Degradation of subthreshold
3. GP permits electrical slope by close GP
control of VT
4. GP may be used as second
gate
Double Gate (DG) 1. Maximum electrostatic 1. Difficult to fabricate
control of channel and best | 2. Mis-aligned top and bottom gates
scaling potential result in extra capacitance and
2. Best current drive and loss of current drive
performance 3. VT control difficult by
3. ORlogic function within conventional means
single device
Stacked SQOI (ST) 1. High functional density 1. Fabrication complexity
2. Shorter wires therefore 2. Difficult to cool

higher performance and
lower power
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The fabrication of the dual gate SOI transistor is made in one of three orientations as shown in

Figure 34.

1
Silicon Wafer\,

Type lll A

Figure 34. Different process topologies for DGFET [68]

Type 1 is of the traditional lateral transistor orientation with the gate parallel to the silicon [100]
direction. The advantage of this fabrication technique is that the channel thickness is dependent
upon the SOI process. Type II is a vertical transistor whose main advantage is that the chip
density can be greatly increased but performance is secondary since lithography controls the
channel thickness. In addition, it is difficult to make contact to the source node since it is buried
in the silicon. The third type solves this problem by rotating the type II DGFET about the gate
by 90 degrees [68].

d. DGFET Device Operation

In addition to the screening effect that the second gate provides for the drain to source electric
field lines to eliminate SCE, actively controlling the bottom of the SOI layer as a second gate
provides better circuit performance. An early study of the second gate structures claimed that the
two gates used in tandem create “volume inversion” or that the entire SOI region between source
and drain from first gate to second gate is strongly inverted [74]. This results in a channel which
has a cross sectional area equivalent to the cross-sectional area of the SOI layer itself. The group
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used a device simulator and applied a potential Vg1 to the first gate and a potential Vg2 = KVgl
to the second gate in order to create the same channel characteristics at the back surface of the
SQI as at the top surface. The factor K accounts for the difference in gate thickness of top and
bottom oxides surrounding the SOL If the SOI film thickness is greater than the depletion
widths induced by the two gate voltages, then the increase in current driveability over a single
gated SOI device of the same dimensions and bias point is a factor of 2. This accounts for the
second channel on the bottom of the SOl layer:

[=(WV,/ L)(;ulcoxl (Vgl - th)+ UG, (KV 1= Vi » Equation (17)

g

However, for thin SOI layers, the entire film can move into the strong inversion regime. This
results in a tremendous improvement in current driveability for several reasons. Since the
channel has expanded throughout the SOl layer, surface interactions such as scattering have been
reduced. These increases in carrier mobility and transconductance result in a drain current
improvement of 2.5 to 3 times. The improvement in the subthreshold Id-Vgs current slope due to
the second gate is shown in Figure 35.
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Figure 35. Improvement of Id vs. Vgs curves in subthreshold region (left vertical axis) and large Vgs region

(right vertical axis) for DGFET (curve 1) over bulk CMOS (curve 2) [74].

2. Vertical Transistor

In the near future, the gate length will be less than 100 nm. The ability to make the gate length
this short will be a challenge for optical lithography [75]. Optical lithography can produce gate
sizes down to the sub 0.2um region. Lithography can make gate lengths in the range 100-120
nm using phase shifting techniques [76]. Other methods have been proven to work but do not
seem attractive. For example E-beam lithography is a slow process but has produced gate sizes
down to few a 10nm [75,76]. E-beam is mainly used in laboratories and for mask etching [76].
Also X-ray lithography has allowed gate lengths down to the 30nm region but is too expensive
for mass production [75,76]. An intriguing alternative is the vertical transistor.
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Shallow trench etching and epitaxy define the channel length of a vertical transistor. Atomic
layer growth is used to deposit the epitaxial layers, which form the channel. The gate size is not
dependent on lithography. The channel length would depend on the epitaxial layers [76].

Short channel lengths, however, are not the main advantage of the vertical transistor [75]. As
planar transistors are scaled down, the width becomes smaller which causes the drive current to
be less. Vertical transistors offer a larger width than planar transistors [77]. The increase in
packing density is appealing to memory products such as DRAMs and ROMs. DRAMs will gain
much higher density packing for the same gate dimensions as a conventional lateral transistor.
With the use of vertical transistors in DRAM, a larger transistor could be used and still have the
same size memory cell. Using a larger gate length will decrease short channel effects such as
lower Ly [75]. The diagram in Figure 36 below shows a cross section schematic of an
epitaxially grown channel vertical transistor.

Source Drain
— —
o+ Gate
TEOS TEOS
P
Oxide n+ Oxide

Figure 36. Schematic cross section of a n-type vertical transistor.

a. Reduction in Area

The layout below in Figure 37 shows a planar transistor compared to a vertical transistor. The
gate is represented by the dashed lines. Both layouts have a single transistor with a width of 8F
(F stands for feature size). The planar transistor has an area of 40 F? versus 16.5 F for the
vertical transistor. This is almost a 60% reduction in area.[75] Drive current is directly
proportional to the width of a transistor. Both types of transistors have the same amount of drive
current [77].
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16.5 F

8F

40 n

Figure 37. Comparison of the area of a planar transistor (left) verses vertical transistor (right).

Another example of the vertical transistor application is stacking two transistors to create the
inverter shown below in Figure 38. The integration factor can be improved by a factor of 5 [75].
In the inverter the PFET has a greater width than the NFET. This should help the performance
of the inverter. One of the transistors has to be wider to make contact to the middle section for
Vout. Unfortunately this causes more area for the inverter. It is beneficial to make the PFET the
lower transistor for more drive current since PFETs have a low mobility p.

Vdd Vout Vss

n+

Vin P

Figure 38. Cross-section of a vertical inverter.

b. Device Characterzation

Fabricated vertical transistors showed results similar to advanced planar transistors [78].
Reference [78] manufactured vertical transistors with a vertical gate length of 70 nm. The data
showed high values for transconductance of 800 uS/um with voltage operation of 1.5 V. The
maximum theoretical value is Cox*vsat=690uS/um. They claim the high value is due to ballistic
overshoot effects. The threshold voltage for this transistor was 0.4 V' which is comparable to a
planar transistor. The subthreshold slope for a vertical transistor with a gate length of 170 nm
was 125mV/dec, which is worse than a typical planar transistor. They believe this could be
improved with process enhancement. They also noticed an increase in the slope of an Id vs. Vd
chart at Vd=1.5 V. They attributed this upward kink to the floating channel region [78] The
channel in this type of vertical transistor cannot have a bias; therefore the channel floats during
operation.
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c. Surrounded Gate Structure

Another kind of vertical transistor is the surrounded gate transistor. The difference between this
type and the previous transistor is that the substrate is part of the channel. The channel is a pillar
of silicon, and the channel is the same silicon as the substrate. The source is implanted on the
side of the vertical gate in the substrate. The advantage of the gate being on the sides of the
channel in a vertical direction is that the channel length can be increased by making the transistor
taller.

Drain n+

Poly gate >
Y & ~J

Source n+ Source n+

Pwell

Si substrate

Figure 39. Surround gate structure.

This type of vertical transistor shows the subthreshold swing is better than lateral transistors.
Subthreshold swing is defined as the amount of gate voltage decrease needed for one decade
decrease in Ids. A slope of 72 mV/decade was measured [77] for a vertical transistor compared
to a typical planar transistor of 98 mV/decade. The results showed that the subthreshold slope is
dependent on the diameter of the vertical pillar that creates the channel [77]. To explain this
decrease, a simple model is proposed [77].

The ideal model represents the vertical stack as a cylinder with the gate surrounding the channel
stack. The depletion region is the striped area in Figure 40 and the depletion capacitance is given
by Equation (18).

Channel Gate

Gate Diaelectric

Figure 40. Pillar channel showing depletion length Wd.
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Cy LS Y Equation (18)
uation
0, pq, K !
R-W,

The depletion capacitance is given for R>Wj.

In Equation (18), Q, represents the charge in the depletion region, R is the radius of the channel,
Wi is the length of the depletion region, @; is the potential at the surface, and & is the dielectric
constant of the silicon. Equation (18) shows that Cy depends on the radius of the depletion
region.  Equation (18) is differentiated with respect to R which yields for R>W;

oC R Y R R
e -2 | |1

si n - +11=0 Equation (19)
OR R— ‘Vd R— ‘Vd R— ‘Vd

Equation (19) shows that as R goes to infinity, the capacitance approaches the capacitance of a
planar transistor. The equation also shows that the capacitance is zero when R=Wjy. The
subthreshold swing can be approximated by the following equation where Coy is the oxide
capacitance,

S:/eT C

—1n 10| 1+ —d Equation (20)

q C,,

Equation (20) indicates small values of Cg will produce a small S. To maximize the performance
of a vertical transistor, the depletion region should be of the same magnitude as the radius of the
channel. A small S will help reduce Ly current because the slope is greater in the subthreshold
region. Also the equation indicates that an increase in gate voltage will not deplete the channel
anymore once Wd=R. The extra voltage will only increase the number of carries in the channel
and increase the surface potential at the gate. The subthethreshold swing will reach an ideal
value of 60 mV/decade when Wd=R since kT/q*1n 10 = 60. This is assuming no traps are in the
gate oxide at the interface [77].

The surrounded gate structure shows very little substrate bias effects when the Wd=R compared
to the planar transistor. The reason for this is because the channel pillar is completely depleted.
The substrate bias only effects the bottom of the channel cylinder. When Wd<R, the substrate
bias will have more of an effect on the channel. For high reliability circuits this effect will be a
benefit since fluctuation in substrate bias will not effect the transistor [77].
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d. Vertical Transistor for DRAM Application

DRAM has kept up the pace for packing more memory cells on a single chip. DRAM has been
shrinking in area by a factor of four every three years. The way DRAM increases cell density is
by shrinking the cell by 2/3 of the original cell. The traditional DRAM cell consists of a planar
transistor and a storage cell. The storage cell is either a stack capacitor or a trench capacitor.
The conventional DRAM cell has an optimal area of 8F per cell. The chart in Figure 41 shows
the cell size verses generation of memory. The chart indicates that memory will not be able to
use 8F° cell size after 256 Meg. The optimal cell size for DRAM is a 4F* cell size. The one way

to achieve a 4F° cell size would be from the use of a vertical transistor [79].
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Figure 41. Dram cell size trend (left) and layout of a 8F? and 4F cell [79].

The vertical transistor proposed for this 4F* cell would be similar to the surrounded gate
transistor mentioned above. The transistor would be surrounded by the word line. The capacitor
storage would be directly above the vertical transistor. An advantage of using the surrounded
channel as mentioned in the previous section is that the vertical transistor can have a low
subthreshold voltage swing. This is important to have longer retention time. The channel
conductance is expected to increase by volume inversion. The vertical transistor should reduce
short channel effects. If the DRAM is made on SO, this will reduce the requirement for storage

capacitance since the cell should have less leakage and reduce parasitic capacitance.

< Drain (storage node)

—  Gate oxide

g——— Source (bit line)

Figure 42. 4F? cell cross-section.

Channel (vertical transistor)
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The above proposed vertical 4T cell does have some barriers to overcome. The word line, bit
line, and channel have a very low tolerance for misalignment. A self alignment process would
have to be used [79]. Another problem with the vertical transistor would be the hole size for the
channel itself, which has to be smaller than the word line, and also an insulator will have to be
grown between the gate and the channel. The holes in the gate will increase the resistance of the
word line. The 4F cell uses an open bit line scheme. In the folded bit line scheme, the bit lines
are crossed for noise cancellation. Therefore, the open bit line scheme has more noise. A way to
compensate this problem is to increase the read out voltage of the bit line. The read out voltage
is defined as:

Vee
Vread — out = NEA Equation (21)
2(1 +— j
Cs

Vee is the supply voltage, Cb is the bit line capcitance, and Cs is the storage capcitance. The
easiest way to increase Vread-out is by not increasing Vec (increase short channel effects) but to
lower Cb. Cb can be decreased by using SOI.  As the buried oxide increases, the capacitance
between bit line and substrate decreases [79].

Another problem with 4F* cell size is the size itself. In order to get the needed storage
capacitance, the stack capacitor will need a towering height. A solution for this is to use a higher
dielectric constant material such as BST [79]. Also using SOI will help to allow a lower storage
capacitance [79].

3. Cu Metallization/Low K Dielectric Insulators

As the effective channel length of a MOSFET decreases, the carrier transit time across the length
of the channel also decreases. This reduces the so-called gate delay and obviously leads to faster
devices. In addition to this “intrinsic” delay, one must also consider the RC interconnect delay
associated with the metal interconnects and insulating dielectrics found in all IC chips. The
metal interconnects carry current to and from the active devices while the dielectrics electrically
isolate interconnects from one another and provide mechanical stability. The RC interconnect
delay can be approximated by the following equation if one ignores the effects of fringing
capacitances [54]

2
RC = E LS# Equation (22)
Lw tup
where p is the interconnect resistivity, t, is the interconnect thickness, L is the interconnect
length, enp is the interlayer dielectric (ILD) permittivity and typ is the interlayer dielectric

thickness. For a given t, and typ, Equation (22) indicates that RC can only be reduced by
decreasing p, L and/or e p [54].
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It is widely accepted that at very small dimensions, the total circuit delay (intrinsic gate delay +
RC interconnect delay) is dominated by the RC interconnect delay [7,54,80]. According to
Figure 43, which shows the intrinsic gate delay and RC interconnect delay versus generation
(i-e., channel length), the interconnect delay dominates the gate delay for Al-based interconnects
and SiO; dielectrics as the channel length approaches 100 nm [7]. The total delay can be
reduced by switching to metals with lower resistivity, such as Cu, and dielectrics with a lower
dielectric constant. This concept is illustrated in Figure 43, where a decrease in the interconnect
delay and improvement in the overall delay are expected for Cu interconnects and low dielectric
constant (K) insulators.
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Figure 43. Calculated gate and interconnect delay versus technology generation [7].

As the channel length approaches 100 nm, chip performance will also be limited by power
consumption. Power dissipation in interconnects is primarily driven by the total wiring
capacitance, which contributes to the dynamic power dissipation [81]. For example, the dynamic
power dissipation, Pp, of a simple CMOS inverter loaded by a capacitor C is equal to fCVpp’.
Here, f is the switching frequency of the inverter and C represents the sum of the internal device
capacitances, the capacitance of the interconnect wire between the inverter output and the input
of other logic gates, and the total input capacitance of these other logic gates [82]. Therefore,
while a change in the interconnect resistivity only directly affects the RC interconnect delay, a
change in the interlayer dielectric constant directly impacts both the RC interconnect delay and
the power consumption [81].

'The transition from Al interconnects and SiO, insulators to Cu interconnects and low K dielectric
constant insulators will vary from company to company. For example, while IBM and Motorola
are producing Cu interconnect technologies before employing low K dielectric materials, Intel
and Texas Instruments have chosen to work with Al interconnect technologies and implement

54



low K dielectric materials [83]. It is estimated that most companies will incorporate Cu
interconnects and low K dielectric materials in IC chips when feature sizes reach 130 nm in 2003

[83].

In this section, we explore the advantages and disadvantages of using Cu interconnects and low
K dielectric constant insulators in IC chips. We also discuss the challenges that face the
semiconductor industry as it attempts to incorporate these new materials into mass production.

a. Properties of Cu

The property of Cu that makes it most attractive as a replacement for Al in IC chips is
undoubtedly its lower resistivity. Nevertheless, the choice of which metal should be used for
future interconnect wiring is not only determined by the resistivity of the material. In addition,
other material properties, such as Young’s modulus and thermal conductivity, must be taken into
account. Table VIII compares the properties of several metals that have been considered for
interconnect applications.

Table VIII. Comparison of properties of possible interlayer metals [54].

Metal
Property Cu Ag Au Al \u
Resistivity (UQ-cm) 1.67 1.59 2.35 2.66 5.65
Young’s Modulus x 10™" dyn/cm’ 1298 | 827 7.85 7.06 41.1
TCR x 10°/K 4.3 4.1 4 4.5 4.8
Thermal Conductivity (W/cm) 3.98 4.25 3.15 2.38 1.74
CIEx 10°°C 17 19.1 14.2 23.5 4.5
Melting Point (°C) 1085 962 1064 660 3387
Specific Heat Capacity (J/kg K) 386 234 132 917 138
Corrosion in Air Poor Poor | Excellent | Good Good
Adhesion to S10, Poor Poor Poor Good Poor
Delay (ps/mm) 2.3 2.2 3.2 3.7 7.8
Thermal Stress per Degree for Films
On Si (10" dyn/cm”-°C) 2.5 1.9 1.2 2.1 0.8

Note: Delay = RC = 34.5 R, (ps/mm) for 1 mm-length conductor on 1 pm thick SiO,.

Although Cu will eventually replace Al in all high performance IC chips, integration of Cu into
VLSI and ULSI circuits poses serious challenges to the semiconductor industry. Cu diffuses
readily through SiO, and other dielectric materials, which can cause an increase in junction
leakage and reduction in gate oxide yield and reliability if it diffuses into active device regions
[84]. Also, Cu does not adhere well to SiO, or other dielectric materials, and does not possess a
passivating oxide, such as Al,O; in the case of Al [84,85]. The absence of a passivating oxide
increases the susceptibility of Cu to corrosion. Finally, Cu lacks a volatile compound at room
temperature, which makes conventional reactive ion etch (RIE) patterning techniques unsuitable

for this material [54,84].

55




b. Cu Electromigration

Although it is not listed explicitly in Table VIII, the electromigration resistance of a metal is of
utmost importance in determining the reliability of interconnects. The electromigration
resistance of Cu is believed to be far superior (10-100x higher) to that of Al [54,55]. An
improvement in the electromigration lifetime leads to an increase in the allowed current density
(i.e., more design flexibility) or to a reduced interconnect line width (i.e., improved wiring

density).

As mentioned in Section III.C.3., electromigration is electronic current induced atomic diffusion.
At sufficiently high current densities, momentum is transferred from the conducting electrons to
the metal ions. The atomic flux, J, that results from this momentum transfer is given by the
following equation [86,87]

7= njpeZ D

kT

where n is the atomic density, j is the current density, p is the conductor resistivity, e is the
electronic charge, 7 is the effective charge number, D is the atomic diffusivity, k is Boltzmann’s
constant and T is the temperature. According to Equation (23), the atomic flux is directly
proportional to Z, p and D. Generally speaking, the higher the melting point of a particular
metal, the lower is the diffusivity. Z is a measure of the amount of interaction between the
conducting electrons and the metal ions. A higher degree of interacton results in a larger atomic
flux. For Bulk materials at 100 °C [54], the product Z*pD (in pQ-cm’/s) is found to e%ual 2.84-
7.07 x 10 for Ag, 3.62-9.12 x 10™ for Al, 3.05-3.83 x 10 for Au, and 1.3-1.5 x 10’ for Cu.

Therefore, at least in principle, Cu appears to be quite attractive from an electromigration
standpoint.

Equation (23)

It is important to realize, however, that the electromigration resistance of thin films is not only
dependent on bulk properties. Factors that play an important role in Al electromigration, such as
interfacial diffusion [88], crystallographic texture, grain size, and impurities [52], may also effect
the electromigration performance of Cu interconnects. For example, while tin (Sn) and
zirconium (Zr) impurities in Cu drastically increase the electromigration lifetime, magnesium
(Mg) degrades the electromigration performance of Cu [89]. Also, Cu is known to adhere poorly
to SiO, (see Table VIII), which may cause interfacial diffusion to be the primary atomic
transport mechanism [85]. This may lead to lower than expected electromigration lifetimes since
interfacial diffusion is considered to be a much faster diffusion pathway than lattice or bulk

diffusion.
c. Heating Effects in Cu

Joule heating of interconnects is the temperature rise caused by the passage of current. Joule
heating occurs because the metal lines heat up faster than the heat is dissipated to the
surroundings (i.e., dielectrics and/or Si substrate). Qualitatively speaking, Joule heating
increases as the current density increases while less Joule heating occurs in low resistivity or
high thermal conductivity materials. Therefore, as suggested by Table VIII, the heat dissipated

in Cu interconnects (for a given current density) is expected to be less than that in Al
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interconnects. This should lead to improvements in temperature accelerated reliability failure
mechanisms, such as electromigration, as wiring dimensions are scaled down and current
densities are increased.

d. Cu Integration

The standard process for depositing and patterning Al interconnects is to deposit the Al over the
entire wafer and then RIE etch regions not protected by a photoresist mask [54]. As mentioned
above, this approach is not suitable for Cu because it does not possess a volatile compound at
room temperature. In the case of Al etching, aluminum tri-chloride (AlCl3) is the volatile
compound formed between the RIE gas (where Cl, + HCl or Cl, + BCl3 are the most common
etch chemistries) and the Al interconnects. Therefore, efforts have turned to single or dual
damascene techniques for integrating Cu metallization into VLSI and ULSI circuits. In the
damascene process, trenches or openings are etched into the underlying dielectric and then filled
with metal. Single damascene involves filling interconnect trenches and interlevel via openings
in separate steps, while dual damascene allows both to be filled simultaneously [90]. Planarized
top surfaces are achieved by removing undesired Cu material using chemical mechanical
polishing (CMP). Figure 44 shows a schematic cross-sectional view of planarized damascene Cu
interconnects. 'The first level metal shown in Figure 44 is obtained by a single damascene
process while the second and third level metals are obtained by a dual damascene process.

Low K 3rd Level
Dielectric Metal
Cu vias
Si3N, Barrier
Low K 2nd Level
Dielectric Metal
Cu Lines
Metal Diffusion 1st Level
Barrier Metal
W vias

SiSubstrate —— i

Figure 44. Schematic cross section of damascene Cu metallization with low K dielectric insulator.

Techniques for depositing Cu involve physical vapor deposition (PVD), chemical vapor
deposition (CVD), or electroplating or electroless plating [84]. PVD methods, such as
evaporation and sputtering, are less than ideal for damascene integration since it is difficult to fill
high aspect ratio features [54]. High aspect ratio features have become more common in state of
the art IC chips as interconnect dimensions are reduced. CVD methods, on the other hand,
overcome the filling problems of PVD techniques since Cu is deposited in the gaseous phase
[91]. Recently, electroplated Cu has been reported for sub-0.25 pum technologies [55,92]. A
significant advantage of plating over PVD or CVD processes is related to its lower thermal
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budget. While Cu PVD and CVD deposition temperatures are approximately 350-450 °C and
250 °C, respectively, Cu plating is accomplished at temperatures < 100 °C [93]. Electroplating of
Cu is achieved by submersing the Si wafer into a liquid bath containing cupric ions (Cu*"), and
allowing a current to flow from a contact at the wafer edge to every surface on the wafer that is
to receive deposited material [94]. Prior to electroplating, it is necessary to cover each of these
surfaces with a Cu seed layer that serves to conduct the applied current during the plating process
[94]. The seed layer is typically very thin (10-20 nm) and is deposited by either PVD or CVD

techniques.

Since Cu does not adhere well to SiO, or other dielectrics, and diffuses readily through these
materials, Cu integration employs adhesion promoters and diffusion barriers. Adhesion
promoters cause chemical bonding between the material being deposited and the substrate
surface [54]. Diffusion barriers, such as refractory metals, are deposited into the trench and via
openings prior to Cu deposition (see Figure 44). Diffusion through refractory metals, such as
tantalum (Ta) and tungsten (W), is poor due to their high melting temperatures (i.e., strong
interatomic bonding). A major drawback of using these barrier layers is the increase in the
interconnect resistance. The resistivity of barrier layers is typically much greater than that of Cu.
Therefore, in order to maintain the advantage of the resistivity of Cu over Al it is necessary to
limit the barrier thickness to less than 20 nm [54]. As dimensions are scaled down in future
CMOS technologies, it will be a significant challenge for the semiconductor industry to ensure
that a thin and continuous barrier layer exists along the trench and via surfaces. Finally,
following Cu CMP, a dielectric barrier, such as silicon nitride (Si3Ny), is deposited over the
entire wafer in order to prevent Cu from diffusing out of the top metal surface and into the
surrounding insulator (see Figure 44).

e. Types of low K Dielectric Materials
The major disadvantage of conventional SiO; as an interlayer dielectric material is its relatively
high dielectric constant (K=4). Since the RC interconnect delay and power consumption are

directly related to the interlayer dielectric constant, there has been much effort in recent years to
develop low K dielectric insulators. Table IX classifies various low K dielectric materials.

Table IX. Classification of Low K Dielectric Materials [81].

Material Class Dielectric Constant Deposition Type
Inorganic Range 2.8-5.0
CVD Si0, 3.9-5.0 CVD
Thermal Si0, 3.9 Oxidation
Modified SiO; (e.g. fluorinated) 2.8-3.9 CVD/ECR
Si (BN) >2.9 CVvD
Organic Range 1.3-3.9
Polyimides 2939 SOG/CVD
Fluorinated Polyimide 2.3-2.8 SOG/CVD
Fluoropolymers 1.8-2.2 SOG
Aerogels (microporous) 1.3-2.2 SOG
Air Bridge Range 1.0-1.2
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The first real efforts to reduce the interlayer dielectric constant involved fluorine-doped SiO,
films. Fluorinated silicate glass, or FSG, films contain fluorine in small concentrations. A
minimum value of K=3 is found for 10 atomic percent (at %) fluorine in SiO, [95].

Although organic dielectric materials can achieve a dielectric constant < 2 (see Table IX), many
of these films suffer from thermal stability problems for temperatures above 350 °C, and
therefore may not be suitable for IC applications. Thermal stability is related to the glass
transition temperature (Ty), which is the temperature above which a material changes from the
solid to the glassy state [95]. Most organic films have T,<450 °C, which may present serious
problems for integration since some IC processing steps exceed this temperature [95]. One
organic film that shows potential for IC use is Dow Chemical’s SiLK. A spin-on polymer with
K=2.65 and thermal stability at temperatures > 450 °C, SiLK is actively being pursued by many
companies for future CMOS technologies [83]. Recently, attempts have been made to
incorporate air (K=1) into high dielectric constant materials to lower the overall dielectric
constant. In Aerogels, Xerogels and foams, air is trapped as bubbles in a gel or polymer [95].
Porous materials such as these possess a very low dielectric constant (K as low as 1.3) as well as

the rigidity and thermal stability requirements for IC implementation [81,95,96].
f. Heating Effects in Low K Dielectric Systems

Heat generated by interconnects (i.e., Joule heating) is conducted through the surrounding
dielectric to the Si substrate. The higher is the thermal conductivity of the encapsulating
insulator, the easier it is for heat to be removed from current-carrying interconnects. A major
consequence of lowering the interlayer dielectric constant is that the thermal conductivity is also
lowered [97]. For example, the thermal conductivity of CVD SiO; is 1.2 W/m°K while that of
polyimide is only 0.24 W/m°K [98]. Therefore, as interconnect dimensions are scaled down and
current densities increase, Joule heating effects are likely to become a serious concern in low K
dielectric systems.

g. Integration of Low K Dielectric Materials

Figure 44 shows a schematic cross-sectional view of damascene Cu metallization combined with
a low K dielectric constant insulator. Integration of low K dielectric constant materials into state
of the art CMOS technologies is a tremendous challenge for the semiconductor industry, which,
for the last thirty years, has been content with implementing SiO, interlayer dielectrics. There
are many requirements for dielectric materials that must be considered in order to ensure chip
performance and reliability. These requirements include the following [81]: electrical (low
dielectric constant, low leakage current, high breakdown field), mechanical (ability to withstand
large stresses, high crack resistance), chemical (low moisture absorption, high etch selectivity,
good metal adhesion). Inevitably, most materials considered for interlayer dielectric applications
meet some but not all of these requirements. For example, while Aerogels exhibit a dielectric
constant as low as 1.3, their chemical etch selectivity is poor due to their porous structure [81].
Etch selectivity is extremely important for dual damascene integration, since trenches are etched
into the underlying dielectric before being filled with metal.
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Deposition of dielectric films varies from material to material. As indicated in Table IX, most
Si10, films are deposited by CVD methods, while most organic films are deposited by spin
coating. A dielectric deposited by spin coating is referred to as spin on glass (SOG). In the spin
coating process, a pre-polymer in solution is spun onto the Si wafer surface, followed by a curing
cycle that changes the pre-polymer to a polymer [95]. SiLK is an example of an organic spin-on
polymer. CVD organic dielectrics are also being developed, such as parylene-N (K=2.6),
parylene-F (K=2.2-2.3), Teflon-AF (K=1.93), polynaphthalene-N (K=2.4), polynaphthalene-F
(K=2.3), fluorinated amorphous carbon (K<3) and fluorinated hydrocarbon (K=2.0-2.4) [95].

IV. DISCUSSION AND CONCLUSIONS

Over the last thirty years, the semiconductor industry has produced Si ICs with progressively
higher circuit speed and density. The ability of the microelectronics world to develop and
manufacture ICs with smaller features is the main reason for increased chip performance and
packing density. The minimum feature size for CMOS technology has decreased from 1 um in
the late 1980’s to 0.18 um this year, and is projected to reach 0.10 pm before the year 2005.

In going from one CMOS generation to the next, it is necessary to scale MOSFETs to smaller
dimensions. There are many scaling approaches, such as constant electric field, constant voltage,
constant electrostatic, subthreshold and off current scaling. All of the methods attempt to
produce long channel behavior in a short channel device, and most are compromises between
reality and ideal scaling. Depending on the application, one approach may be more appropriate
than another. For example, off current scaling is useful for DRAM technologies since the
retention time is very dependent on L. In general, combinations of each method may be
utilized.

Short channel effects in sub-micron technologies, such as DIBL, punch through and mobility
degradation, pose serious challenges for future MOSFET scaling. One of the most obvious
consequences of scaling is the decrease in the threshold voltage as the channel length is reduced
(i.e., DIBL). For digital applications, the threshold voltage must be at least 0.4 V in order to
ensure acceptable off current and noise margin. Short channel effects are controlled in state-of-
the-art MOSFET devices by employing source/drain and channel engineered structures. Features
such as source/drain extensions, halo implants and retrograde well profiles have allowed
MOSFETs to be scaled to dimensions that would have been unattainable with conventional
device engineering. It is uncertain, however, whether these techniques will provide the same
benefits for MOSFETs with channel lengths less than or equal to 0.1 um. Therefore, new

processes and device designs may be required to allow scaling into the deep sub-micron regime.

As the 0.1 um regime approaches, many companies in the semiconductor industry are
developing unconventional technologies that represent alternatives to traditional scaling
approaches. SOI technology gives an increase in performance by reducing the parasitic source
and drain capacitances. For the same channel length and gate oxide thickness, SOI results in a
15-50% increase in speed over traditional CMOS. This means the MOSFET performance does
not have to be improved by reducing the gate oxide thickness. The vertical transistor represents
a novel means of overcoming lithography limitations for Lef<0.1 um. In addition to gate lengths
not being dependent on lithography, vertical transistors offer larger width (i.e., increased drive
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current) and higher packing density as compared to conventional lateral transistors. In order to
decrease the interconnect delay and improve the overall delay in IC chips, Cu metallization and
low K dielectric materials will gradually replace Al metallization and SiO, insulators. Switching
from Cu to Al interconnects directly improves the RC interconnect delay, while replacing SiO,
with a low K dielectric constant material directly improves both the RC interconnect delay and
the power consumption.

Predicting the limits of Si MOSFET technology has not proved very reliable over the years. For
example, published studies in 1979, 1984 and 1988 placed the limit of scaling for channel length/
oxide thickness/Vce at 0.5 um/90 A/1.5 V, 0.2 um/100 A22.2 V, and 0.4 um/110 A/2.8 V [1].
These numbers are significantly larger than what is used today in state-of-the-art CMOS
technology. The main reason for this has been a lack of knowledge about the physics at reduced
dimensions. Extrapolation of data collected for channel lengths between 0.3-0.5 pm may not be
adequate to predict the behavior of devices with channel lengths < 0.1 pm. Itis clear that Si has
limits like any other material, and the reliability of the gate oxide may eventually limit MOSFET
scaling. But until the physics of device operation and reliability failure mechanisms (i.e.,
electron-electron scattering in hot carrier degradation) at very small dimensions are understood,
predicting the limits of MOSFET scaling will continue to be inaccurate.
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