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PREFACE

SILICON PROCESSING FOR THE VLSI ERA is a text designed to provide a
comprehensive and up-to-date treatment of this important and rapidly changing field.
The text will consist of three volumes, of which this book is the second, subtitied,
Process Integration. Volume 1, subtitled Process Technology, was published in 1986.
Volume 3, 10 be subtitled Assembly, Packaging and Manufacturing Technology is
scheduled for publication in 1993, In Volume 1, the individual processes utilized in the
fabrication of silicon VLSI circnits are covered in depth {(c.g., epitaxial growth,
chemical vapor and physical vapor deposition of amorphous and polycrystaline films,
thermal oxidation of silicon, diffusion, ion implantation, microlithography, and etching
processes).

In this volume, we undertake to explain how the individual processes described in
Volume 1 are combined in various ways to produce silicon integrated circuits. This
task is referred to as process integration. The first part of the book deals with sub-
process integration; that is, the effort involved in forming circuit structures that can be
implemented into a variety of circuit types. These structures include isolation structures
(Chap. 2), metal-silicon contacts (Chap. 3), and device-interconnect structures
{Chap. 4).

The second part of the book covers the process integration tasks of full-device-type
technologics, including NMOS (Chap. 5), CMOS (Chap. 6), bipolar and BiCMOS
(Chap. 7), and semiconductor memories (Chap. 8). Chapter 9 describes the process
simulation tools that are available for aiding in the process integration and development
efforts.

Volume 3 will cover process control, VLSI manufacturing issues and facilities,
contamination and yield, automation, assembly, packaging, and parametric testing.

The purpose of writing this text was to provide professionals inveolved in the
microclectronics industry with a single source that offers a complete overview of the
technology associated with the manufacture of silicon integrated circuits. Other fexts on
the subject are available only in the form of specialized books (i.e., that treat just &
small subset of all of the processes), or in the form of edited volumes (i.e., books in
which a group of authors each contributes a small portion of the contents).

Such edited volumes typically suffer from a lack of unity in the presenled material
from chapter-to-chapter, as well as an unevenness in writing style and level of
presentation. In addition, in multi-disciplinary fields, such as microelectronic
fabrication, it is difficult for most readers to follow technical arguments in such books,

xxix

25



26



27



PROCESS INTEGRATION
FOR VLS and ULSI

Since the creation of the first integrated circuit in 1960, the density of devices that can
be fabricated on semiconductor substrates has steadily increased. In the late 1970s the
number of devices manufactured on a chip exceeded the generally accepled definition of
very large scale integration, or VLSI (i.e., more than 100,000 devices per chip) (Fig.
1-1a). By 1990 this number had grown to more than 32 million devices per chip (16-
Mbit DRAMs), and it is generally acknowledged that the era of wlira-large-scale
integration (ULST) has begun. The increasing device count has been accompanied by a
shrinking minimum feature size (Fig. 1-1b), which as of 1990 had decreased to
~).5 prny in the most advanced commercially available chips.
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Fig, -1 (a) Increase in the number of transistors per microprocessor chip versus year of

introduction, for a variety of 8-bit and 16-bit microprocessers, and (b) The decrease in
minimum. device feature size versus time on integrated circuits.
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MOS DEVICES AND NMOS PROCESS INTEGRATION 301

body and drain-body junctions remain reverse-biased, Iy will consist of only the reverse-
bias diode leakage current and hence will be considered negligibly small.

‘When positive bias is applied 10 an NMOS transistor gate, electrons will be attracted
to the channel region and holes will be repelied. (Holes are the majority carriers in the
channel of the p-type body when no gate bias exists.) Once enough electrons have been
drawn into the channel by the positive gate voltage to exceed the hole concentration, the
region behaves like a n-type semiconductor. Under these circomstances, an n-type
channel connects the source and drain regions (Fig. 5-2a). Curent will flow if a
voltage, Vs, is applied between the source and the drain terminals. The voltage-
induced n-type channel does not form uniess the voltage applied to the gate exceeds the
threshold voitage, V.

MOS devices such as those just described, in which no conducting channel exists
when Vg = 0, arc referred to as enhancement-mode (or normally OFF) ransistors (sce
Fig. 5-2b). With NMOS enhancement-mode transistors, a positive gate voltage, Vg,
greater than Vp must be applied to create the channel (or to turn them ON), while to
turn ON PMOS enhancement-mode devices, a negative gate voltage (whose magnitude
is >V1) must be applied. Note that in NMOS transistors a positive voltage must also
be applied to the drain to keep the drain-substrate reverse-biased, while in PMOS
devices this voltage must be negative.

On the other hand, it is also possible to build MOS devices in which a conducting
channel region exists when Vg = 0V (see Fig. 5-2b), and such MOS devices arc
described as being normally ON. Since a bias voltage 1o the gate elecirode is needed (o
deplete the channel region of majority carriers (that is, the channel is eradicated as long
as the bias is applied), such devices are also commonly catied depletion-mode devices.
NMOS depletion-mode devices require a negative gate voltage to be turned OFF, while
corresponding PMOS devices require positive gate voltages,

5.1.2 The Threshold Voltage of the MOS Transistor

1f the source and body of an MOS transistor are both tied to ground (Vsp = 0), the
threshold voltage, VT, of the transistor can be found from the following equation (note
that V= Vg when Vg =0

VT0 = Pms ~ 297 ~ Quot/Cox - UBO/Cox {(5-1)

where @ 1s the workfunction difference (in V) between the gate material and the bulk
silicon in the channel, ¢r is the equilibrium electrostatic potential in & semiconductor
(in V), Qpo is the charge stored per unit area (Clem?) in the depletion region (when the
voltage between source and body is zero), Cox is the gate-oxide capacitance per unit area
(Ffem?), and Qyg Is the total positive oxide charge per unit area present at the interface
between the oxide and the bulk silicon {(see section 5.3.3).

Expressions have been established for these various quantities in terms of doping
concentrations in the material, physical constants, device structure dimensions, and
temperature, They are:
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Fig. 5-4 Calculated threshold voltages of n-channel (V1) and p-channel (V’I"p) transistors

as a function of their substrate’s doping, assuming a* polysilicon gate (left scale) and p*
polysilicon {right scale). Curves for gate oxide thicknesses 4 of 150 A, 250 A, and 650 A
are shown. From $. M. Sze, Ed., VLSI Technology, 2nd. Ed., Chap. 11, "VLSI Process
Integration.” Copyright, 1988 Bell Telephone Laboratories. Reprinted with permission of
MeGraw-Hill,

VT=VT0+"{(V|-2K§>f+VSBI - V2 (o] ) (5-6)

where the parameter y (referred (0 as the body-effect coefficient or body factor, with
units of VY2) is given by

Y2qeiNa

v = NMOS (5-7a)
Cox
and
- Y2498 Np "*Cﬁsi ND PMOS (5-7b)
OX

5.1.4 Current-Voltage Characteristics of
MOS Transistors

We will now present the equations that describe the farge-signal current-voltage (I-V)
characteristics of long-channel MOS transistors, assuming an NMOS device with its
source grounded and with bias voltages Vgs, Vps, and Vs applied as shown in Fig.
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Fig. 5-7 MOS wransistor capacitances. Cq; = €5 + CR + Cap.’ From D. A, Hodges and

H. G. Jackson, Analysis and Design of Digital Integrated Circuits, Copyright, 1983
McGraw-Hill Book Co. Reprinted with permission.

Significant increases in substrate-doping concentratdon give rise to lower junction-
breakdown voltages, larger junction capacitances, and lower carrier mobilities, making
such substrate doping concentration increases undesirable, Yet, prior to the development
of ion implantation in the carly 1970s, adjustment of substrate doping was the only
practical processing approach for significantly controlling Ve in active devices.

A circuit approach known based on applying a bias between the source and body (and
hence known as body biasing) can also control V. When body biasing is used Vi is
given by Eq. 5-6. Figure 5-8 gives an example of how the application of Vgg can
change the Vo value in an NMOS device. ! The intercept of the channel conductance
and the V¢ axis when Vg = 0 corresponds 1o Vg, which in this example is +0.99 V.,
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Fig. 5-8 Threshold voltage adjustment using subsirate bias.
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Fig. 5-9 Example of subthreshold MOSFET Ipy - V(g curves for various channel lengths,

(Reprinited with permission of Soiid State Electronics).

Since Ipg can be accurately modeled in long-channel MOSFETSs (Fig. 5-9), circuit
designers can readily calculate the gate bias required to ensure a given allowable
subthreshold leakage current. Typically, to ensure that Ipg will be negligibly small
the bias applied to the gate should be 0.5V below V.

Since Ipg is exponentially proportional 10 Vg, if log Ing is plotted versus Vg the
result on a semilogarithmic plot will be a straight line for values of Vg helow V.
The slope of the Ing versus V¢ line, when plotted in this manner, is characterized by
the subthreshold swing, 8.5., where

S.S. = AVg /[ Alog Ipg (5-13)

Hence, S.5. is the change in Vg that produces a decade increase in Ipg. A small value
of 8.8, is desirable, since it indicaies maximum control of the gate over the channel
current. Typical values of subthreshold swing in long-channel MOSFETSs are around
90 mV/decade. Such values can be achieved by building devices that have a low value
of substrate doping concentration {which gives a larger depletion width} and a thin gate
oxide. (A more detailed treatment of the derivation of the Ipg dependence on Vg can be
found in references 1 and 3)
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Fig. 5-15 NMOS E-IJ inverter fabrication sequence. (a) Patterning of the active region. (b)
Patterning the silicon nitride-pad oxide layers, From W. Maly, Atlas of IC Technologies,
Copyright 1987 by the Benjamin/Cummings Publishing Company. Reprinted with
permission,
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Fig, 5-17 (8) Yau's model of charge sharing.73 {b)} Theoretical threshold voltage as a
function of channel length for various substrate doping concentrations, Reprinted with
permission of Solid-State Electronics.

of the channel region at the Si-SiQ interface.} Since some of the channel is depleted
without the need to apply a gate bias, less gate charge is required to invert the channel
in short-channel devices than in a long-channel device with comparable substrate
doping.

A relatively simple equation that predicts the threshold lowering (AV) in terms of
the device paramelers is

aNA Winax x; (,J{ 1+2mwmax} ,a}
X,

AVT = (5-16)
Cox L

where W .y is the maximum depth of the depletion region in the channel, and x; is the
junction depth of the source drain regions.’%

This effect is important because in order (o be able to establish slightly positive Vr
values (¢.g., < +1 V) in long-channel NMOS transistors with lightly doped channels, it
is necessary to increase the doping concentration at the surface of the channel.

Consequently, in order to allow shori-channel enhancement-mode NMOS devices to be
fabricated with the same V value, the substrate doping concentration must be further

increased. Since the magnitude of this effect increases as the device length is reduced (as
is predicted by Eq. 5-16 and illustrated in Fig. 5-17b), it will be necessary to
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Fig. 5-20 (a) 2-D potential profile of an n-channel MOSFET with a drain biss of: 1) 3 V,
2) 7 ¥;3) 9 V. Channel length = 1 um. (b) Simulation of the potential profile of an n-
channel MOSFET with a gate and drain bias of 0 and 9 V respectively, The surface DIBL and
bulk punchthrough paths are indicated, From K. M. Cham, et al., Computer Aided Design and
VLSI Device Development. Copyright 1986 Kluwer Academic Publishers. Reprinted with
permission.

source depletion regions meet, and it can be suppressed by keeping the total width of
the two depletion regions smatler than the channel length 24

Calculations of the potential in the bulk channel region in devices that use jon
implantation to adjust Vo indicate that the barrier is lowest away from the Si-Si05
interface (usually at almost the same depth as the source/drain junction depihs). That is,
the Vp-adjust implant increases the doping concentration near the surface of the channel,
causing the drain depletion region to be wider in the bulk than it is near the Si-Si0Op
inferface. As a result, punchthrough current flows below the surface (Fig. 5-20).
Consequently, the gate voliage has less control over the subthreshold current (i.c., cven
with sufficient gate voltage (o turn off the channel, Ipg, can still flow in such devices).
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SOLUTION: The gate current of 1 nA produces a current density across the injection
area of
109 nA /1x108 em 2 = 0.1 A cm2

Since 1 in 106 electrons become trapped, the rate of charge trapping, Jo,, in the gate
oxide is 0.1 x 10°6 = 1 x10-7 C sec~! em~2. The shift in Vo due to the trapped charge
in the oxide can be found from

AVE = (1Cox) (0.9 tox/lox ) Aot
or, solving for AQuue.
AQior= Cox AVT /09 = [1.7x107 x 0.1}/0.9
= 189 x 108 C/em?
The time, t, necessary (o trap this quantity of charge is

t = AQuoiffor = 1.89x10°8/1x10°7 = 0.19 sec

5.6.3 Device-Performance Degradation Due fto
Hot-Carrier Effects

The increase that occurs in Vep leads 10 other changes in the MOS characteristics. First,
the saturation current decreases because (Ve - Vo) becomes smaller (Fig. 5-29a).77
Sccond, as the substrate current increases, the transconductance decreases. Finally, since
the trapped charge accumulates with time, the device performance will become
unacceptable for a given application after a certain time of device operation.

A device lifetime, T, can therefore be defined by selecting the maximum parcenzage
of allowed degradation in the critical device parameter. It has been found, however, that
this lifetime (regardless of whether Vo or gy, is monitored) can be related o Iy, by a
power-law relationship (i.c., T is observed to be inversely proportional to Ig,p, when
plotted on a log-log plot). Figures 5-29b and ¢ show 1 as a function of Iy, for: (a) 1 is
defined as a 10-mV shiftin Vr; and (b) 1 is defined as a 10% degradation in g,

This has led to accelerated testing techniques that stress the devices with higher drain
voltages than would be used in normal operating conditions.? A larger Iy, is thereby
produced, leading to shorter times to device failure (i.e., possibly defined by a 10-mV
shift in Vi or a 10% degradation in gr,). The time to failure under normal operating
drain voliages (t) i3 ﬁacn extrapolaied from these data using curves as shown in Figs.
5-29b and 5-29¢.36.37 Device design can then be modified to yield a desired lifetime
(typically, 10 years) under normal operating conditions.
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CMOS PROCESS INTEGRATION 379

* The soft error rates (SERs) of DRAMSs and SRAMSs can be reduced by one to two
orders of magnitude when the memory arrays are fabricated inside a well region where
doping type is the opposite of the substrate's, The added SER protection arises because
the reverse-biased well-substrate junction of CMOS creates a polential barrier againsi
carriers generated in the substrate.

6.1.4.3 Circuli-Design Advantages.

* CMOS can achieve "static ratioless” logic design. Circuits that contain a p-channel
transistor for every n-channel fransistor are said to be "static,” because such gates are
triggered by the data path signal and do not require the use of an external clock, The
design is said to be "ratioless" because the inverter voltage transfer characteristic does
not depend strongly on the relative geometric sizes of the p and n transistors. By
contrast, commonly used "ratioed” NMOS circuitry must have transistor widths and
Iengths that are chosen both to balance the currents between transistors and to ensure
that this balance is maintained, given changes in operating temperatures, power-supply
voltage variation, and day-to-day differences in the manufacturing process.

° As noted earlier, since the output of CMOS logic gates swings from rail to rail,
excellent noise margins are inherently provided.

* The [lexibility in sclecting transistor geometry provided by the ratioless nature of
CMOS makes it much easier for "uncommitted circuit” designs, such as gate arrays and
standard cells, 10 be implemented, In gatle arrays and standard cells, the number of input
and output signals (fan-ing and fan-outs) are normally not known when the individual
transistors are laid out. As a result, it is very difficult with PMOS or NMOS to create
gate-array and standard-cell configurations that possess sufficient design flexibility.
Instead, most standard cells and virtually all MOS gate arrays are implemented in
CMOS.

* In NMOS, gating (or pass) transistors reduce the transmitied signal by the so-called
threshold loss, whereas in CMOS such transmission gates leave the signal unchanged.
As aresult, signal regeneration can be less frequent in clocked CMOS circuits,

* CMOS allows both analog and digital functions with high circuit densities to be
implemented on the same chip. This has stimulated the development of switched-
capacitor techniques for analog-to-digital conversion and allowed their integration on a
chip with a digital-signal algorithm,

* The circuit-design benefits of CMOS for analog applications are that the swilches
have no offset voltage, and that the area required for operational amplifiers is much
smaller than that needed for NMOS op amps. That is, while an NMOS op amp might
take 30 transistors, the same op amp in CMOS might take one-third the number of
transistors, as well as one-third the arca. Furthermore, CMOS op amps are three to five
times smaller than bipolar op amps.
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General Electric AVLST process.  Also shown is s conventionally thermally diffused well,
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doped substrate; solid Hlines, reirograde nwell, 23 (© 1982 TEEE).

about 7% as the p-channel junction capacitance increases by 30 percent.t When the

retrograde well is formed by means of a very high-energy implant, however, the doping
concentration under the bottom of the source and drain regions is reduced, which reduces
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The use of a boron implant to adjust Vpp, becomes less feasible as devices use even
thinner gate oxides, since larger doses of boron are needed. Yj- thus becomes deeper, and
the punchthrough problem worsens. Solutions involving the use of gate electrodes
other than n+ polysilicon must therefore be explored. One alterative is to use pt
polysilicon for PMOS devices; another is 1o use a material whose work function is very
close to the mid-gap of silicon, thereby allowing symmelrical threshold voltages for n-
and p-channel devices.?

6.3.2 PMOS Devices with p+*-Polysilicon Gates

When p* polysilicon is used for the gate material, V1, is shilted from the values that
occur when a* polysilicon is used. Figure 5-4, chap. 5 plots Vr,, as a function of
substrate doping when p* polysilicon is employed (using the scale on the right side of
the figure). Vo, can be seen to be less negative than 0.7 V over the substrate doping
range of 10151017 em-3, Thus, it can easily be made more negative through the
implantation of phosphorus or arsenic into the channel. If p™ polysilicon is used
throughout the circuit, however, the NMOS device then has to be overcompensated in
order for VT, to be reduced to sufficiently small values. (Nole that some reports have
been published on the use of p* polysilicon alone.2728) This implies that it would be
ideal 1o use both 2t and p* poly gates on the same chip (with n* poly for NMOS
devices, and p* poly for PMOS dovices).1®

Such a dual-doped poly approach, however, would add process complexity, and would
also introduce other problems arising from the need to connect the two types of poly
(c.g., at the input of an inverter), Such problems occur when a silicide overlayer (or
strap) is used to make the connection between nt and p* poly (as a method to avoid a
separate, space-consuming metal contact). Because the silicide strap provides a very
rapid diffusion path for boron and arsenic, one type of poly can be counterdoped by the
other when the device is subjected to high-temperature excursions. This counterdoping
can occur 1o the degree that a region of poly can change doping types (i, from 2 10
p™). In such cases, the threshold voliage of devices with counterdoped poly will be
shifted from their designed value.

If the processing temperature is limited to 800°C after the two types of poly have
been connected by the silicide, such lateral diffusion does not produce significant shifts
in Vr.29 On the other hand, temperatures of 900°C will produce sufficient
counterdoping to significantly shift V. Since one of the last high temperature steps in
CMOS is activation of the source/drain implants, this would mean gither using a lower-
temperature activation step, or performing the step prior to formation of the silicide
layer. Process considerations for 0.5-um CMOS technologies using both n* and p*-
poly gates are described in reference 85.

Another approach is to form a polysilicon electrode with an overlying conductor layer
that suppresses such counterdoping. One such structure is a W-TiN-poly clectrode
structure. 105 The thin (30-nm) TiN film acts as a diffusion barrier to the dopants in the
poly and also prevents reaction between the poly and the W. Very little of the dopant

131



132



133



134



135



4062 SILICON PROCESSING FOR THE VLS ERA ~ VOLUME 11

the emitter of the npn is connected 10 Vgg (e.g., 0 V), and the emitter of the pap is
connected 1o Vpp, These external power-supply connections can also be added to the
equivalent circuit diagram,

It should be noted that this simplified diagram ignores the parasitic resistances of the
electrical paths through the bulk regions of the silicon, Ry, and Ry, These resistances,
however, are very important in the understanding and control of latchup, and they will
therefore be incorporated as soon as the simplified description of the device behavior is
presenied (Fig. 6-18¢). The simple prpn diode circuit to be used in the initial
discussion turns out to be a "worst-case” possibility. That is, the addition of Rgyy, and
Ry to the circuit model actually reduces the latchup susceptibility of CMOS. Since the
two transistors are connected via their base and collector regions, by merging both the
ny and the py regions in Fig, 6-18d, we come up with a parasitic device structure (Fig,
6-18¢g).

6.4.2 Circuit Behavior of pnpn Diodes

Devices with structures like those shown in Fig. 6-18¢ and with external connections
1o the two end regions only, are known as pnpn diodes.* The terminal connected o the
p1 region is called the anode, and the terminal connected to the ny region is called the
cathode. When an exiernal voltage is applied with the anode voltage positive with
respect to the cathode, and the resulting carrent I is measured, the I-V characteristic of
this device is observed to have four distinct regions (Fig. 6-19); as follows:

Region 1, For voltages with values from a to b, very litde current is observed
to flow from anode to cathode, and the device is said 10 be in an OFF, forward-
blocking, or high-impedance state. In this state, junctions Jy and J3 are
forward-biased, and 7 is reverse-biased. The externally applied voliage appears

primarily across the reverse-bias junction.

Region 2. For voltages with values from 5 10 ¢, the voliage across the reverse-
bias junction, Jq, approaches the breakdown voliage of that junction. The
current during this voltage excursion increases slowly up to the breakover
voltage, Vyo (point ¢}, at which point if suddenly increases abruptly.

Region 3. For voliages from ¢ o d, the device exhibits a differential negative
resistance (Le,, the current increases as the vollage sharply decreases). This is
a transient state, which occurs as the device switches from the OFF state to
Region 4 operation (ON state),

Region 4. For voliages beyond ¢, the I-V characteristic exhibits low-imped-

¥ Note that the generic term diode simply means a device with two electrodes. Therefore, we
should not expect the electrical behavior of all two terminal electronic devices 1o be alike,
More specifically, we should not confuse pnpn diodes with prn diodes, with respect to
electrical behavior, In fact, as we shall see, the I-V characteristic of the thres junction papn
diode is considerably different, and more complex, than that of the single-junction pa diode,
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Fig. 6-20 (a) Dependence of current gain on the collector current. (b) Equivalent circuil
model of the latehup structure in CMOS, including the parasitic resistances, Ry and Rgyp.

In the ON region, the voltage across the device is the algebraic sum of the voltages
across the three forward-biased junctions. Since the voltage drop across the center
junction I is in the opposite direction of the voltage drops across Jy and J3, the total
drop across the pnpn diode in the ON region is about 1.0 V.

To maintain the diode in the ON region, the condition of o + o = 1 must continue
to be satisfied. The holding current is the minimum current at which this condition is
still met. If the current throngh the device is reduced to less than Iy (or if the applicd
voltage drops below Vi, the diode switches back to the OFF region of operation.

We can also express the condition o) + o = 1 in terms of the § of the device by
adding (01102) 1o both sides of the equation and rearranging werms, (o get

(oy09) (6-5)
- oy - Uy + Uy

Gy tty =

This can be further rearranged to give us

oy )
(1 - o) (L~ ay)

= 1 {(6-6)

Since (o/1 - ) = By, and (o/1 - vg) = B, we finally get
ap +ay = PPy =1 (6-7)

We will refer to the expression B1B; = 1 as the current-gain-product latchup condition
for an ideal pnpn diode.
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Fig. 6-21 Latch-up equivalent cireuit inciudiné well-to-substrate capacitor, Cpg, and
parasitic current source, 1.

current through a fow-impedance path from the emitter region to the collector region of
one of the parasitic transistors include the following:

¢ Inversion of the field region between the source/drain regions of the MOS device
in the substrate (emitter of lateral bipolar device) and the edge of the substraie
{collector region).

* Punchthrough between the substrate region and the source/drain regions of the
MOS device in the well,

* Avalanche lonization near the drain due to hot-clectron effects. Note that in some
cases this type of triggering mechanism can induce larchup even at voltages lower
than the supply voltage, Vpn.

When one of these effects causes a large enough current to be shunted to the collector of
one of the parasitic transistors, this current will flow through the bypass resistance of
the second transistor, causing it to become turned on. Latchup will occur if the
positive-feedback mechanism causes Latchup Condition #2 1o be satisfied.

6.4.7 Test Methods for Characterizing Laichup
The most common parameters used for characterizing latchup are wrigger current (Iijg),

holding current (Iyy), and holding voltage (V). The trigger current is the current that
must pass through the emilter-base junction of the papn device in order for laichup to
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Fig. 6-23 Transient latchup measurement setups: (a) p* overvoltage triggering; and (b) at
overvoltage Uiggering.“é (© 1987 1EEE).

actual circuit environments (Larchup Condition #4). One test involves the measurement
of the prpn diode current when different vollage ramp rates are impressed on the isolated
pt oregion of Fig. 6-18a. This allows characterization of the displacement-current-
triggering event, described as being one of the causes of Type 2 mechanisms. In
another test setup, an overvoltage pulse is applied to the drain of the device described in
Fig. 6-23. For a given pulse height, the pulse width is increased until latchup is
triggered, As the pulse length approaches the bipolar transient response time, the pulse
height needed to induce latwhup increases. When the length is further reduced, latchup
cannot be triggered, regardless of how large a pulse amplitude is applied.

A third transicnt fest for laichup involves pulsing the base of one of the parasitic
bipolar transistors.*0 Transient excitation with a pulse width shorter than the minimum
regenceration time causes no laichup.,

Another technigue for evaluating the latchup hardness of a CMOS circuit design i$
given by Troutman,35 who defines a differential latchup criterion, The following data
need be gathered when this technique is used: the bypass resistance values; small-signal
alphas of both parasitic transistors; base-emitter saturation currents for both transistors;
and temperature,

6.4.7.1 Modeling Latchup in CMOS Technology. Modeling of latchup

has been attempted by a number of different groups. It has turned out to be a difficult
undertaking, since the phenomenon involves bipolar transistors with sirong injection
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as efficient recombination centers for minority carriers.43 The first two of these lead w
increased leakage currents, while the third has little effect on lateral transistors with
small base widths, since the precipitates do not form in the lightly doped epi. As a
result, the techniques in this group have not been widely implemented.® The third type
of technique involves the use of a retrograde well, which reduces the vertical bipolar
gain by providing a high Gummel number and a retarded E-field in the base.4 However,
care must be taken to remove injected carriers so that lateral trangistor action o the well
edge is not increased.3? This approach also requires the availability of a high-cnergy
implanter,

The fourth type involves the use of silicided source/drains?3+48 to reduce the
emitter efficiency of the parasitic bipolar transistors. These techniques have the
disadvantage of degrading the gain of the MOS devices 47

In summary, the methods described above can help to reduce Jatchup susceptibility,
but provide an insufficient degree of latchup protection. The remaining two categories
of latchup-suppression techniqgues, have been found to be much more effective, and as a
consequence, they have been much more widely implemented.

6.4.8.2 Processing Technigques That Reduce Rguyp and Ry or
Eliminate the pnpn Structure. Techniques that reduce the series resistance
values include the use of epitaxial layers on heavily doped substrates and the use of
retrograde implants. Techniques that eliminate the pnapn path use either: (1) a
combination of deep trench isolation structures and epitaxial layers on heavily doped
substrates; or (2) stlicon-on-insulator (SOT) substrales.

The use of lightly doped epitaxial layers on heavily doped substrates is effective in
reducing Ilatchup susceptibility for two reasons. First, the highly doped layer
substantially reduces the value of Rgyy, by placing a low-resistance path for majority
carriers in the substrate in paraliel with the more lightly doped epi region in which the
devices are formed. Hence, it very effectively shunts the lateral parasitic bipolar
transistor. Second, any mirority carriers injected into the epi layer that then diffuse into
the highly doped substrate are more rapidly recombined there, so that fewer reach the
collector of the lateral bipolar device,

Figure 6-24 shows the trigger current and the holding voltage as functions of n to
pt spacing, d, for various epi thicknesses. 48 Thin epi can be seen to dramatically
improve latchup immunity from either standpoint. For a 12-um epitaxial layer, the
triggering current required for latchup is less than 1 mA when d = 10 pm. When the
epitaxial thickness is reduced t0 3 pm, d can be reduced to 5 um, and Ly is increased 1o
80 mA. The advantage diminishes as d approaches the epi thickness. However, the
minimum epi thickness is limited by outdiffusion of impurity atoms from the heavily

¥ An appreach 10 creating oxygen precipitates in a thin layer 2.5 pum below the surface by
means of jon implantation of oxygen and epi growth has recently been raportcd.44 Since
these precipitales are positioned so that they reside in the base region of the lateral pnp
device, they are effective in reducing its alpha by decreasing the minority-carrier lifetime in
the base.
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Fig. 6-27 (a) Layout top view of the isolation region belween a-type and p-type
transistors in TMOS. {b) Cross sectional view of a CMOS inverter showing the channel
stops that are designed to prevent the surface under the field oxide from inveriing‘ﬁg’ (® 1986
IEEE).

Basic isolation between p- and n-channel devices in CMOS is established by both a
reverse-biased well-substrate junction and by the regions under the field oxide (as long as
they are not inverted). This isolation, however, may not be perfect. Unwanted current
flow can arise due to junction breakdown, the formation of leakage paths between
devices, or latchup. The key leakage paths involve the parasitic MOS field devices
created in the field regions between the devices,” Leakage currents can arise if these
well-border parasitic field devices conduct prematurely, as a result of surface inversion,
or punchthrough below the surface.”™ As noted, the latchup effect in CMOS arises asa

* The parasitic NMOS field transistor at a p-well border consists of the n source, the p-well
body, the n-substrate drain, and the polysilicon gate runner over the field oxide, as shown in
Fig. 6-27b. Similarly, the parasitic PMOS field transistor at this well border consists of the
p7 source, the n-substrate body, the p-well drain, and the poly runner over the field oxide.

®*% In Fig. 2.4 of chapter 2 we described how punchthrough can occur between the source and
drain of the same device, or between the source/drain regions of neighboring devices of the
same channel type. In this case, we refer 1o the punchthrough between the border of the
substrate and source/drain regions in the well.
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Fig. 6-29 Threshold voltage of n- and p-channel parasitic device as a function of the
separation between the transistor edge and the tub border.!4 The upper curve in the left-hand
graph shows the parasitic n-channel threshold-voltage reduction near the tub border when no
adjacent n-tub is present. When an n-well is present, the threshold voltage is reduced (lower
curve), since the interdiffusion of the two types of impurities reduces the net surface
concentration of each dopant near the well border. 14 (@ 1980 1EEE).

substrate af the edge of the well is also substantially reduced, due to the compensation
between the acceptor and donor atoms; this causes a reduction in the threshold voltage of
the parasitic MOS ficld transistors. We will next describe this phenomenon in more
detail for the case of twin-tub CMOS.

Figure 6-29 shows the threshold voltage of each type of parasitic device as a function
of the separation between the transistor edge and the tub border.14 The upper curve in
the left-hand graph shows the parasitic n-channel threshold-voltage reduction near the
tub border when no adjacent n-1ub is present. When an n-well is present, the threshold
vollage is reduced (lower curve), since the interdiffusion of the two types of impurities
(Fig. 6-28) reduces the net surface concentration of each dopant near the well border.
Unless the net dopant-reduction effects are somehow counteracted, the spacing between
adjacent n* and p* devices must be kept quite large (e.g., »10 um) to prevent inversion
beneath the field oxide.

1f smaller spacings between n- and p-channel devices are to be possible, the channel-
stop doping concentration must somehow be increased, particularly in the substrate
regions in a-well CMOS. During field oxidation, boron segregates into the oxide, while
phosphorus piles up at the silicon surface. As a result, in an n-well process a separate
p-type channel-stop implant must be added to increase the surface concentration of the
lightly doped p-substrate. Without such an implant, inversion between the a-channel
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under normal CMOS operating conditions. This gate voltage and the narrow (e.g.,
I-um) trench width can easily cause inversion along the sidewall, outside the well but
facing it

There are two reasons why p-wells exhibit more severe trench-sidewall inversion
problems. First, some of the needed boron doping segregates into the trench oxide
during the thermal oxidation step. The second reason is the presence of the fixed charge,
which is normally positive.

Once sidewall inversion occurs, n-channel devices with regions butted to the same
sidewall become electrically connected by a path along the sidewall. Two obvious
solutions are 1o leave a separation between the »t and the sidewall or to increase the
trench width, with the end result of either approach being an increase in the isolation
spacing. Because of this limitation, the minimum #* o p* isolation distance in trench
isolation is 2-2.5 um (1988).

Trench isolation has several other disadvantages, as follows:

* Fabrication is much more complicated than in LOCOS, making this an
expensive altemative approach,

¢ For adequate filling and planarization, only one trench width can be utilized
(unless SEG refill of the treniches is used).

* Another type of isolation is also needed (usually LOCOS) for most inactive
parts of a chip. If a trench deeper than the well depth were used to isolate cach
device within the well region, each device would be isolated from the substrate.
To keep the device bodies from floating, it would be necessary to provide each one
with its own well contact, rather than using a single contact for the entire well,
Chip arca would thus be wasted, defeating the purpose for which the technology
was adopted,

6.5.2 Isolation by Selective Epitaxial Growth for CMOS

Various schemes using SEG have been explored as CMOS isolation alternatives (see
chap. 2 for more details on SEG technology). One of the first, selective-etch-and-refill-
with epi (SEREPI), uses an epi refill of recesses in silicon, with the sidewalls
passivated prior 10 refilling. In one approach,®? the well regions were anisotropically
etched to a 5-em depth, and a 200-nm thermal oxide was grown on the recess surfaces.
This oxide was removed from the bottom of the recess with an anisotropic dry etch,
leaving it on the sidewalls. Buried layers were formed by arsenic implantation into the
bottoms of the wells, and then epitaxial silicon was selectively grown in the wells, By
controlling the growth rate, it was possible to refill the wells so that the surfaces were
level with the outside substrate.

The SEREPI structure offers the advantages of minimum isolation area and also the
flexibility of dopant-profile control in the epitaxial silicon in the wells. A similar
process, reported by Kasai et al,60 uscs a sidewall layer consisting of a 250-nm-thick
composite film of oxide and nitride (sec Fig, 2-34b, chap. 2). After these layers have
been removed anisotropically through dry etching, a sacrificial oxide is grown on the
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bottom of the trenches and is then wet-ctched away to remove any dry eiching damage.
Finally, an SEG step is performed.

While it is possible to make the n* to p™ isolation distance as small as 0.25 gm,
with either approach, some problems exist. First, LOCOS must still be used to isolate
devices from one another within the same well, Second, unless a deep boron implant is
added to the a-channel side of the isolation, sidewall leakage or inversion can occur.
Finally, the 0,25-um distance between p* and o regions can become a limitation for
masking of opposite-type implants if n* and p™* junctions are to be placed on opposite
sides of the 0.25-um-thick dielectric,

Another SEG-based approach for isolating CMOS has been described by Manoliu and
Borland, 13 and by Stivers,%! In this approach, windows are anisotropically eiched into
a 1-2-um-thick surface-layer oxide (see Fig. 2-43, chap, 2). Separale implanis are used
1o form p layers in those recesses designated to be p-wells, and n¥ layers in those that
are to be n-wells, The oxide recesses are then refilled, using an SEG step in which
sidewall inversion in the p-well is suppressed by tailoring the doping profile of the
boron doping (i.c., this region is doped with 1x1017/cm? in the active area of the
n-channel devices). As a result, no subthreshold "kink" is observed in the turn-off
current (such kinks in the subthreshold current curve are due to leakage from source 1
drain along the sidewall of the isolation structure).

The two buried layers increase the latch-up immunity of the CMOS devices
considerably. Furthermore, this approach climinates the need for an additional LOCOS
isolation. Although this technique was only tested for minimum spacings of 2 um, it
is estimated that it will provide adequate isolation for spacings down to 1 ym. Finally,
good planarity and gate oxide integrity were observed.

The technique of retrograde wells has also been investigated for implementing reduced
isolation spacing and increased latchup immunity in CMOS (as well as for enhancing
other device characmristi{:s)}évw In this approach, the wells are formed by means of a
high-energy implant, which is performed following formation of the field oxide,
Because the peak of the implant is well below the silicon surface, the impurity
concentration in the well decreases as it approaches the surface (hence the name
"retrograde well™),

1t is easier to implement p-well CMOS with retrograde wells, since boron has a
higher implant range in silicon than does phosphorus, and boron implants thus require a
lower ion-implantation energy in order 1o achicve a similar depth. Because the well is
formed after the field oxidation, retrograded p-wells can have higher NMOS ficld-
threshold voltages compared to those exhibited in conventionally-formed wells. (In the
latter, some of the boron segregates into the oxide during field oxidation, leaving less
horon present at the silicon surface. This reduces the field-region threshold voltage.y In
addition, the lateral diffusion of boron that occurs when the channel-stop implant is done
prior to field oxidation is eliminated,

There are several drawbacks to the retrograde well approach. First, it produces devices
with a high junction capacitance (C;) and a high body-effect coefficient (¥} due to the
relatively high doping concentration below the surface in the wells. These effects
decrease the speed of circuits manufactured with such devices, Second, this approach
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may require the use of implanters with accelerating voltages greater than 400 keV,
While such machines are available, their low beam current makes them incompatible
with high-volume manufacturing needs. Note that doubly ionized boron can be
implanted with an accelerating voltage of 200 keV to obtain the same result, and that
such a voliage is within the range of ordinary implanters. However, the beam current in
this case remains low (see Vol. 1, chap. 9.)

6.6 CMOS PROCESS SEQUENCES

Since there are so many options available for designing a CMOS process flow, no
“standard” approach has been adopted. The process flows presented here are merely
itlustrations of the general sequence of process steps and of the types {and number) of
masking layers used.  We will first present examples of simple p-well and r-well
single-level-metal CMOS process flows, Such process sequences might be used in the
fabrication of CMOS circuits with a minimum feature size of 1.25-2.0 um. We will
then describe a twin-well, double-level-metal process that uges LDD structures. With
additional enhancements such as trench or SEG isolation, the filling of contact holes and
vias with CVD metal, and novel interlevel diclectric planarization methods, such a
process would likely be used in the manufacture of CMOS circuits with submicron
dimensions,

6.6.1 Basic p- and n-Well CMOS Process Sequences

A basic single-well CMOS process can be implemented in either p-well or n-well
technology using eight masking levels. Figure 6-34 shows seven of the eight masking
levels of a basic p-well process. Figure 6-35 illustrates the front end masking levels of
an n-well process. (The back end steps of a process sequence are those that begin with
the contact masking step. Thus, the term front end processing, refers to all of the steps
up 1o that point.) We will describe an example n-well CMOS process in more detail,

The NMOS devices in the n-well technology are formed in the lightly doped p-
substrate (<1x1015/cm3), while the PMOS devices are formed in the more heavily
doped n-well (~1x1016/cm?). The starting material is cither a lightly doped <100> p-
type wafer or a heavily doped <100> p* wafer with a thin (5-10-um thick), lighdy
doped p-type epitaxial layer at the surface. A process for enhancing the getiering
capabilities of the wafer may be employed before feature formation on the wafer surface
is begun (see Vol, 1, chap. 2).

The n-well regions are the initial features formed on the starting material. First, 2
thermal oxide is grown and a CVD nitride film deposited. Then Mask #7 is used 1o
patiern windows in these layers, through which phosphorus for the n-well is implanted.
Since the implantation process is unable to place the phosphorus ions deeply enough
into the silicon, these impuritics must be driven in to the appropriate depth during
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oxide. Hence, the surface concentration of phosphorus in the well remains high enough
that a scparate channel-stop implant is usually not needed for the well region.

The field oxide is then grown, afier which the nitride/oxide layer is removed from the
active device tegions (see chaps. 2 and 5). Next, a gate oxide is grown, in the same
manner as that described in chapter 5 for NMOS devices. (Note that a sacrificial pre-gate
oxide is frequently grown and stripped prior to the growth of the actual gate oxide.)

The deposition of polysilicon by CVD for the gate layer is then carried out. This
layer is subsequently doped with phosphorus to form an n™ polysilicon gate material.
The resistivity of the polysilicon should be as small as possible, since this layer also
serves as an interconnect structure. (In more advanced processes, even lower resistivities
are achicved by forming a silicide layer on top of the polysilicon layer.) Mask #3 is
used 1o pattern the polysilicon.

Masks #4 and #5 are then used 1o selectively implant the source/drain regions of the
PMOS and NMOS devices, respectively. The polysilicon protects the channel region
under the gate from being implanted. Arsenic is preferable for the n* regions so that
shallow junctions and minimum lateral diffusion under the gate can be obtained. (It is
typically implanted to a dose of 3-6x10%% cm-2, and with an energy of 40-60 keV.)
Boron is often implanted as BFo* (for shallow junction formation) at doses of 1-5x1019
em~2 and energies of 30-50 keV. Typical values of source/drain sheet resistance should
be below 30 Q/sq. Ohmic contacts to the n-well and p-substrate are formed
simultancously with the implants that create the NMOS and PMOS source/drain
regions, respectively. These implants are thes annealed with a short thermal process at
a moderate temperature {e.g., 900-1000°C). The gate oxide that covers the source and
drain regions during the implant is usually later stripped and regrown, sincé it has been
damaged by the heavy implants and may have besn contaminated by the RIE step used
to pattern the poly.

A CVD doped oxide {with the dopants being either phosphorus, or boron +
phosphorus) is deposited to a thickness of 50-100 nm, to serve both as a diclectric
between the polysilicon and metal layers, and as a gettering layer, This layer is flowed
(see Vol, 1, chap. 6) to improve the wafer-surface topography with respect to metal step
coverage.

Mask #6 is used to open contact windows in the CVD oxide so that connections can
be made between the metal layer and the silicon and polysilicon. Following a reflow
step, an aluminum (or aluminume-silicon) layer is deposited and patterned (using Mask
#7). The wafers are subjected to a final anneal step, which is followed by the deposition
of the passivation layer. Mask #8 is then used to open windows in this layer.

An important aspect of this simple CMOS process is that it uses only one more
mask than the E-D NMOS process described in chapter 5. The three extra masks in the
CMOS sequence {two masks for the source/drain implants, and one for the well mask)
replace the depletion-mode implant mask and the buried-contact mask of the E-D NMOS
process. Thus, the process complexity of a modern simple CMOS process is not much
greater than that of advanced NMOS,
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6.6.2 Twin-Well CMOS Process Sequence

This section describes an advanced ten-mask, twin-well CMOS process (Fig. 6-36).
Again the process sequence options are many, so there is no one standard process. What
is described here is an academic, hypothetical baseline process sequence that almost
certainly does not exist exactly as presented, and that is useful primarily as a vehicle for
illustrating a general sequence of steps in advanced CMOS-circuit fabrication. Where
the process steps are not significantly different from those of the single-well process,
details will not be repeated; instead readers will be referred to the appropriate sections of
the book.

6.6.2.1 Starting Material. The starting material in an advanced twin-well
process is typically a <100>-orientation, heavily doped substrate on which a thin
(5-10-um thick), lightly doped epitaxial layer has been grown, Although n-epi-on-n™
substrates have some advaniages for a few special applications (c.g., for building CMOS
SRAMS; see chap. 8), p-epi-on-p™ substrates are the more common choice, because they
are less sensitive to process-induced defects (see section 6.2).

6.6.2.2 Formation of Wells and Channel Stops. The twin wells are the
first features 1o be formed, assuming that neither trench isolation nor SEG isolation is
being used. (Note that, as described earlicr, trench isolation would require an additional
masking step.) The well-formation procedure can be carried out in a number of ways.
‘The most obvious method is to use two masking steps, each of which blocks one of the
well implants. A single masking-step procedure, however, has been ::k:vc’sk)peci,63 and
that is probably the most commonly used approach (see Fig. 6-31).

Nitride Twin-Tub V CHOS Structure

Fig. 6-36 Cross section of AT&T's Twin-Tub V CMOS structure.!2! Reprinted with
permission of Semiconductor International.
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In this method, a single mask is used 1o pattern a nitride/oxide film that has been
formed on the bare silicon surface (Mask #1). The openings in the film become the »n-
well regions, and phosphorus is then implanted into them (e.g., at 80 keV). Next, a
thermal oxide is grown on these regions, to a thickness that is sufficient to block the
boron implant used to form the p-wells. After stripping of the oxide/nitride layer, the
silicon in the p-well regions is exposed, while the n-well regions are covered with the
implant-blocking oxide. Thus, during the p-well implant (e.g., at 50 keV), the boron
penetrates the silicon only in the desired areas.

Next the wells are driven in (e.g., at 1100°C for 500 min). At the conclusion of the
drive-in steps, the concentration in the wells for a 0.8-um-CMOS process could be
~1x1016/cm3 for the p-well, and ~3x1016/cm3 for the n-well. The n-well might have a
higher doping concentration, to improve the punchthrough performance of the PMOS
devices and to eliminate the need for a separate channel-stop step for the n-well. A
higher concentration in both wells would still produce devices with relatively low
capacitances at the bottoms of the source/drain-to-well junctions,

The channel-stop implant procedure is also usually included in the part of the pro-
cessing sequence in which the wells are formed. In one reported twin-well process, 20
only a p-well channel-stop implant (boron) is used, because the doping in the n-well is
high enough (3x1010 cm-3) that a separate channel stop implant is not required. In this
case, an unmasked boron implant is done following both well implants, but prior to
ficld-oxide growth.

In asecond approach,55 an additional mask can be used to provide both n-well and
p-well channel stops (Fig, 6-31a). Note that in this procedure, the boron channel stop
is implanted into both the a-well and p-well field regions; the phosphorus channel stop
must be increased to compensate for the presence of the boron in the n-well field
regions, The disadvantages of this method include the additional alignment step between
the channel stops and the well masks, the interdiffusion that occurs during the oxidation
step, and the asymmetry of the doping profiles. {The latter is due to the increased phos-
phorus concentration that must overcompensate the nonselective boron channel stop).

A maskless variation of this method has been developed to overcome the above
drawbacks (Fig. 6-31b).59.64 In this sequence, both arsenic and phosphorus are
implanted into the n-well regions. This places both the dopants that form the well and
the dopants that form the channel stop into the a-well regions prior to implanting of the
p-wells, An oxide is then selectively grown on the n-well regions, and the boron
dopant for the p-wells is implanted. After the n-welis bave been driven in, the oxide
over the n-wells is relained, and a second boron implant is carried out. This implant
serves as both a channel stop in the p-well field regions and a punchthrough-prevention
implant in the gefive regions of the p-well,

Various approaches have been proposed 1o prevent excessive redistribution of the
boron channel stop implant during field-oxide growth. These include:

1. Co-implanting of Ge with the boron, which has been found to reduce the
boron diffusion constant.57

2. Implanting of the field regions with CI to increase the field-oxide growth rate
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(thus reducing the amount of time the wafers must be exposed to the high
temperature).50

3. The uvse of high-pressure oxidation 1o reduce the thermal cycle that must be
employed to grow the field oxide.}226:55 This also reduces the boron channel-
stop dopant loss to the growing field oxide, as well as the interdiffusion of the
wells (As a result, smaller isolation spacings between n- and p-channel devices can
be used).

6.6.2.3 Definition of Active and Field Reglons. In a conventional
advanced CMOS process, a standard LOCOS process {described in detail in chaps. 2 and
5} is used to define the active and field regions (Mask #2) and to grow a thick thermal
oxide over the ficld regions. Enhanced LOCOS approaches, which overcome some of
the limitations of conventional LOCOS, can be used as alternative processes o form
isolation structures in the ficld regions. Some that have been reported as having been
integrated into submicron CMOS processes include the SILO process®” and a poly-
buffered LOCOS processZ® (see chap. 2 for details on both of these). A high-pressure
oxidation process for growing the field oxide, was reported to have been used in both of
these processes.

6.6.2.4 Gate-Oxide Growth and Threshold-Voltage Adjustment.
The gate-oxide growth process is essentially the same as that used in the NMOS process
described in chapter 5. The threshold-veltage implant process can be accomplished with
either a single implant step, using boron (sce section 6.3.1), or two separate implants
(in which case additional masking steps are required). A separate selective punchthrough-
prevention implant for the NMOS devices is usually needed, especially for submicron
devices; this step also reguires the use of an extra mask. The Vry-adjust and
punchthrough-prevention implants can also be done either before or after the gate-
oxidation step. To keep the boron Vo implant shallow (i.e., to improve the PMOS
punchthrough characteristics, as described in section 6.3.2), implanting is sometimes
done through the gate oxide. To protect the gate oxide from contamination (as well as 1o
keep the implant shallow), part of the polysilicon can be deposited prior {o the implant
step, 2667 with the remainder deposited afterward,

Alernative gate-oxide materials are being studied as replacements for §i0p. Gate
oxides of less than 10 nm will not be practical unless the gate voltage is also reduced,
for two reasons, First, in order to prevent wnneling, the minimum gate oxide thickness
must be 2Vpp/Egx(max), where Egx(max) is 6 MV/em. For Vpp = 3 V, the
minimum thickness is thus 10 nm. The second reason has to do with the reliability and
bum-in techniques used in accelerated lifetime testing. [t becomes very difficult 10
screen out weak devices from good ones when the breakdown-voltage criterion defining a
weak oxide falls within the range of the distribution exhibited by the good devices. This
situation s encountered at oxide thicknesses befow 10 nm.5%

If a material with a larger dielectric constant than that of Si07 (3.9) could be used,
the gate diclectric could be thicker, while the same capacitance per unit area could be
maintained. Extensive work has been conducted on such materials, including nitrided
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«  Form CoSiz S/D regions

= Selectively implant As and BFg

- ‘"g : “?e‘a e = Drive dopant from Cosig
' O to form at and pt regions

Fig. 6-40 Cross section of CMOS structure in which CoSip is first formed on the source
and drain regions, and then As and BFy*t is selectively implanted into the CoSi2. These
dopants are then driven out of the CoSiy and into the Si substrate to form shallow pTand nt
source/drain regions.2? (® 1986 TEEE).

Another approach is to create so-called elevated source-drains. A thin {e.g., 200-nm)
epitaxial layer of silicon can be selectively deposited onto the exposed source-drain areas
of the MOS transistor, folowing the implantation of the lightly doped region of the
LDD structure and formation of the spacers (Fig. 6-41a). This method has been used for
the NMOS devices of a 1 Mbit SRAM.7? 1In this case, a heavy BFy* implant is done
such that the SEG film becomes heavily doped; the boron penetrates to the substrate
during an RTP anncal that follows the implant, In this way, clevated, heavily doped,
shallow source/drain regions are formed. The source-drain junction depths in the
substrate are less than 0.2 um deep (Fig. 6-41b). As noted carlier, the gate oxide that
covers the spurce and drain regions is usually etched away and regrown following the
implant step.

6.6.2.7 CVD Oxide Deposition and Contact Formation. Following
the formation of the source and drain regions (and the salicide layers), a doped oxide is
deposited by CVD, with procedures very much like those of the basic NMOS and
CMOS processes {see section 5.4.1.6).

Contact windows are opened in this CVD layer to allow electrical connections to be
made between the Metal 1 layer and the source/drain, gate, and substrate and well contact
regions (Mask #6). Again, the details are similar to those of the basic NMOS and
CMOS processes.

Advances in contact technology for CMOS include the use of barrier layers to prevent
spiking through the shallow junctions, and the filling of contact holes by such
materials as CVD W, polysilicon, or even SEG. In addition, as device dimensions
decrease, the parasitic resistances of the source and drain regions become more
significant. More details on all of these topics are provided in chapter 3.
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followed. If such a high voltage is accidentally applied to the pins of an IC package, its
discharge (referred 1 as electrostatic discharge, or ESD) can canse breakdown of the gate
oxide of the devices 10 which it is applied. The breakdown event may cause sufficient
damage to produce immediate destruction of the device, or it may weaken the oxide
enough that it will fail early in the operating Hfe of the device (and thereby cause device
failure). A more detailed description of ESD failures in semiconductor devices can be
found in reference 84,

All pins of MOS ICs must be provided with protective circuits to prevent such
voltages from damaging the MOS gates. The need for such circuits is also mandated by
the increasing use of VLSI devices in such high-noise environments as personal
computers, automobiles, and manufacturing control systems. These protective circuits,
normally placed between the input and output pads on a chip and the transistor gates 10
which the pads are connected, are designed to begin conducting or 1o undergo breakdown,
thereby providing an electrical path to ground (or to the power-supply rail). Since the
breakdown mechanism is designed 10 be nondestructive, the circuits provide a normally
open path that closes only when a high voliage appears at the input or output terminals,
harmlessly discharging the node to which it is connected.

Four types of circuits are used to provide protection against ESD damage, as follows:

1. diode breakdown

2. node-to-node punchthrough
3. gate-field-induced breakdown
4. parasitic pnpn diode latchup.,

Often, a combination of protection methods is used, with a breakdown diode and one of
the other protection devices connected in parallel with the gate being protected.

6.7.1.1 Dlode Protection. Protection is obtained by using the diode-breakdown
phenomenon 1o provide an clectrical path in the silicon substrate that consists of a
diffused resistor region (of a doping type opposite to that of the substrate). This diffused
region is connecied between the input pad and the gate (Fig, 6-42a). If a reverse-bias
voltage greater than the breakdown voltage of the resullant pn junction is applied, the
diffusion region (which otherwise works as a resistor), operates as a diode and undergoes
breakdown. Furthermore, this diffused region will also clamp a negative-going
transition at the chip input to one diode drop below the substrate voltage. In CMOS
technologics, an additional protection diode can be added by utilizing the pn junction
that exists between a pt node and the body region of the PMOS device {an n-type
region, that is connected to Vpp). This diode is utilized as a protection device when a
connection is made between the pad and a p* region. (Note that this second diode will
clamp positive-going transitions to one diode drop above Vp.)

8.7.1.2 HNode-to-Node Punchibhrough. Asg defined in scction 5.5.2,
punchthrough is the phenomenon by which the depletion region surrounding the drain of
an MOS device extends along the channel of the device and contacts the depletion region
of the source of the device. While the current that resulis from punchthrough is ordinar-
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Tig. 6-42 MOS protective vircuits: (a) Diode; (b} Punchthrough device; (¢} Layout of an
input protection structure containing both deviees. 42 From T. B Diilinger, VLS/
Engineering. Copyright Prentice-Hall, 1988. Reprinted with permission.

arity an unwanted cffect, it is harnessed in ESD protection circuits for beneficial
purposes. 'The source and drain regions of an ESD punchthrough protection structure are
placed close enough together that punchthrough occurs at a voltage lower than that of
the gate-oxide breakdown (Fig. 6-42b). Such a structure is layed out and tested to meet
a specific ESD transient reliability measure. Once it has been verified as functioning
according to the design specifications, it can be connected o each chip signal 1/O pad.

6.7.1.3 Gate-Controlled Breakdown Structure. The electric field near
the corner of an MOS device's drain node is strongest at the surface, since the depletion
region is narrowest at this point® and the entire voltage across the depletion region
must be dropped over a very short distance. The fact that the gate voltage can increase
the strength of the electric field at the corner of the drain is the principle used in
designing the gate-controlied breakdown structure (Fig, 6-43).

As the reverse-bias voltage applied to the drain is increased, the gate-to-drain vollage
also increases (note that the gate is tied to ground), Because the presence of the gate
reduces the breakdown voltage of the junction near the corner of the drain, a relatively
small voltage can cause the junction to break down at this point. At breakdown, the
junction conducts a farge current; in this device, the current flows from the drain o the
substrate. The actual input voltage at which breakdown occurs can be controlled by
altering the oxide thickness. This produces a large voltage drop across the relatively
high resistance of the diffusion area, reducing the voliage applied to the gate of the
MOSFET.

Such structures were the workhorses of ESD protection devices. It has been found,
however, that processing enhancements that increase the device performance of small-
dimension devices sometimes have a negative impact on the failure resistance of the
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Fig. 6-44 Wunsch and Bell power curves for silicon melt, aluminum melt, and silicon mel
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as an ESD structure (sce section 6.4). Such a structure — which is deliberately
configured to latch up at a voltage lower than that required to damage the input MOS
gate oxide ~ is built into cach input circuit on the chip (D1 in Fig. 6-45b). Thus, this
parasitic papn structure serves as the primary ESD structure of the input cireuit by
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Fig. 6-45 (a} Latersl papn inpul protection structure showing parasilic and increased area
at n-well and p-well junction resulting in lower power density. (b) Input-protection cirguil
showing primary protection elements R1 and D1 and secondary protection elements R2 and
D2, (¢} Representation of dusl-diode output circuit cross section. Effectiveness depends on
parasitic diode impedance as well as capacitance between supplies. {d) Cross section of MOS
thin-oxide device showing current density at silicide and silicon interface %7 (& 1979 TEEE).
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6.7.3 Low-Temperature CMOS

Since it is possible to build MOS devices with minimum dimensions of less than 0.5
pm, low-temperature operation of CMOS (e.g., at 77°K) has been actively investigated.
At low temperatures, the MOS devices exhibit fower subthreshold leakage, higher carrier
mobility (which yiclds improved speed performance), and a steeper logarithmic current-
voltage slope. It has been found that the normalized propagation delay in CMOS logic
gates is reduced by a factor of nearly 2 or 3 when the devices are operated at
77°K.91.92.93,94  The major reason for the slow commercial introduction of such
systems has been the difficulty associated with liquid-nitrogen refrigeration.

6.7.4 Three-Dimensional CMOS

Since the limits of two-dimensional CMOS may soon be approached, a logical direction
for continued advances in device scaling is three-dimensional devices. CMOS is well-
suited for 3-D integration, since Jow-power circuits will be mandatory in order for heat
dissipation problems to be avoided. The 3-D approach will offer the benefits of
increased packing density and higher speeds (due to shorter interconnects).

The inability to fabricate single-crystal silicon over insulating layers, however, has
historically been an obstacle to the implementation of 3-D ICs. Recent advances in 501
technologies show promise of being able to surmount this obstacle and much work is
currently being done to develop 3-D CMOS.90
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PROBLEMS

6.1 An n-well CMOS process starls with a substrate doping of 3x10"% e, The well doping
g near the surface is approximately constant at a jevel of 3x10%6 em3. The gate oxide
thicknesses are both 40 nm. (a) Calculate the threshold voltages of the a- and p-channel
transistors. () Caleulate the boron doses needed o shift the NMOS threshold to +1 V and the
PMOS threshold 10 -1 V. Assume that the threshold shifts are achieved through shaliow ion
implantations. Meglect oxide charge.

6.2 Tn o p-well CMOS technology, the n-substraie has a doping concentration of 1x10%%
em?, and the p-well concentration is 5x10'¢ ¢m™, Calculate the source/drain junction
capacitances and body-effect coefficients for both n- and p-channel MOSFETs assuming the
gate oxide is 20 nm thick in both devices.

6.3 Tn an n-well CMOSS process, specify the necessary masking sequence in correct order
and also state the mumber of masks needed a process that uses both a double-pely and double-
level metal process.

6.4 A CMOS inverter is driven with a square wave voltage source with a period of 1 us. The

power supply voltage, VDD = +12 ¥V and the load capacitance CL is 20 pF. Find the power
dissipated by the inverter.
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CHAPTER 8

SEMICONDUCTOR MEMORY
PROCESS INTEGRATION

Memories store digital information {or data) in terms of bits, or binary digits (ones or
zeros), Modern digital sysiems use memory devices o store and retrieve large quantities
of digital data at electronic speeds, Early digital computers used magnetic-cores as the
devices in fast-access memories. With the introduction of semiconductor memory chips
in late 1960s, however, magnetic cores began to be replaced by integrated cireuits
(which implemented a much higher-density digital-memory function). This not only
increased the performance capabilities of the memory, but also drastically decreased its
cosl. By the end of the 1970s, magnetic-core memories had been completely displaced
as high-speed memory devices.

8.1 TERMINOLOGY OF SEMICONDUCTOR MEMORIES

Memory capacities in digital systems are usually expressed in terms of bits, since a
separate storage device or circuit is used to siore each bit of data. Each storage clement
is referred to as a ceff, Memory capacities are also sometimes stated in terms of bytes
(8 or 9 bits) or words (32 ~ 80 bits). Each byle typically represents an alphanumeric
character. Hvery bit, byte or word is stored in 4 particular location, identified by a
unique numeric address, and only a single bit, byte, or word is stored or retrieved during
each cycle of memory operation,

Memory-storage capability is expressed in units of kilobits and megabits {or
kilobytes and megabytes). Since memory addressing is based on binary codes, capacities
that are integral powers of 2 are typically used. As a result, a memory device with a
I-kbit capacity can actually store 1,024 bits, and a 64-kbit device can store 65,536 hits.

in digital computers, the number of memory bits is usually 100 to 1000 times
grealer than the number of logic gates, which implies that the memory cost per bit
must be kept very low. In addition, it is desirable for the memory devices to be as
small as possible (since this will allow the highest density of cells on a chip), to
operate at a high speed, to have a smail power consumption, and (o operate reliably,
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570 SILICON PROCESSING FOR THE VLSI ERA ~ VOLUME 11

Note that most RAMs have only one input-data lead and one output-data lead (ot
only one combined input/output lead). Writing into and reading from such RAMs is
done one bit at a time. Other RAMs have a number of input- and output-data leads,
with the number determined by the word length of the system's data bus. ROMs, on
the other hand, are typically organized so that the number of output-data leads (usually
eight) is the same as the number of lines on the data bus. ROMs are programmed word
by word (i.¢., eight bits, or one byte, at a lime) and are read from in the same manner.

8.1.3 Semiconducior-Memory Types

In semiconductor RAMS, information is stored on cach cell either through the charging
of a capacitor or the setting of the state of a bistable flip-flop circuit.  With either
method, the information on the cell is destroyed if the power is interrupted. Such
memories are therefore referred to as volatile memories. When charge on a capacitor is
used to store data in a semiconductor-RAM cell, the charge needs to be periodically
refreshed, since leakage currents will remove it in a few milliseconds. Hence, volatiie
memories based on this storage mechanism are known as dynamic RAMs, or DRAM .

If the data is stored (Le., written into the memory) by setting the state of a flip-flop,
it will be retained as long as power is connected 1o the cell (and no other write signals
are received). RAMSs fabricated with such cells are known as static RAMs, or SRAMSs.
Volatile RAMs can be treated as nonvolatile if they are provided with battery backup.
Some DRAM and SRAM chips are even packaged together with a battery to facilitate
impiementation of this approach.

It is often desirable o use memory devices that will retain information even when
the power is temporarily interrupted (or when the device is left without applied power
for indefinite periods), Magnetic media offer such nonvolatile-memory storage. In
addition, a varicty of semiconductor memories have been developed with thig
characteristic. At present, virtually all such nonvolatile memories are ROMs. While
data can be entered into these memories, the programming procedure varies from one
type of ROM to the other (and none of them can be considered 10 be RAMSs).

The first group of nonvolatile memorics consists of those ROMs in which data is
entered during manufacturing, and cannot subsequently be altered by the user. These
devices are known as masked ROMs (or simply ROMs). The next category consists of
memories whose data can be entered by the user {user-programmable ROMSs). In the
first example of this type, known as a progranmable ROM, or PROM, data can be
entered into the device only once.

In the remaining ROM types, data can be erased as well as entered, In one class of
erasable ROMg, ihe cells must be exposed to a strong ultraviolet light in order for
stored data to be erased. These ROMs are called erasable-programmable ROMs, or
EPROMs. In the final type, data can be electrically erased as well as entered into the
device; these are referred to as EEPROMs., The time needed to enter data into both
EPROMSs and EEPROMS is much longer than the time required for the write operation
in a RAM. As a result, none of the ROM types can at present be classified as fully
functional RAM devices.
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Figure 8-2 indicates that one word line and two bit lines are connected to each
SRAM cell: consequently two access transistors are also provided in each cell. In
principle, it should be possible to achieve all memory functions using only on¢ column
line, one bit line, and one access transistor. In practice, however, normal variations in
device parameters and operating conditions, make it difficult (or impossible) to obtain
reliable operation at maximum speed using a single access-line 1o {lip-flop cells.
Therefore, the symmetrical bit lines (bit 0 and bit 1), are necessary. In a matrix of
memory cells, each pair of bit-0 and bit-1 lines is shared by all memory cells in cach
column, and each word line is shared by all memory cells in each row.

8.2.1 MOS SHAMs

MOS SRAMSs can be fabricated in either NMOS and CMOS, with early MOS SRAMs
implemented in the former (Fig. 8-2a depicts a schematic diagram of an NMOS-SRAM
cell). The load devices, Ms and Mg, are depletion-mode NMOS ransistors; the driver
transistors, My and Mo, and the access transistors, M3 and My, are enhancement-mode
NMOS transistors. The fully static CMOS SRAM (full-CMOS) cell shown in Fig.
8-2b was developed next. In this cell, the load devices are PMOS enhancement-mode
transistors, while the other four transistors are enhancement-mode NMOS devices.
Finally, a four-transistor SRAM cell was developed, with high-valued polysilicon
resistors used as the load devices (poly-load cell). Since all the transistors in this cell
are NMOS devices, the cells can be built in CMOS p-wells. When an array of such
poly-load cells was fabricated in a p-well and combined with full-CMOS peripheral
circuits, the resulting SRAMs demonstrated a significant decrease in power
consumption compared to NMOS SRAMs (since most of the power in an SRAM is
dissipated in the peripheral circuits, such as the off-chip drivers). These SRAMs also
éispiiye(i a higher packing density than did SRAMs built with fully static CMOS
cells.

The full-CMOS cells dissipate less power than do the other types of MOS SRAM
cells when in the standby mode of operation (i.e., when the cell is not being writien
into or read from). In the other types of cells, one inverter is always ON, and hence
significant current is drawn from Vpp (much more, of course, in the six~transistor
NMOS cell). In the full-CMOS ccell, however, one transistor in cach of the coupled
inverters is OFF; thus, only junction-Ieakage current is drawn from Ypp. This current
is approximately three orders of magnitude less than that deawn by the poly-load celt,?
demonstrating that very littde power is dissipated in the full-CMOS cell. In addition,
the stability of the full-CMOS cell is high, since higher alpha-particle immunity and
smaller junction leakage sensitivity is exhibited. The insensitivity to leakage allows
operation at higher temperatures, Fully static CMOS SRAMs have been exploited as
low-power, battery-backed memory devices in battery-operated consumer goods and
poriable office equipment.

The isolation of n-channel from p-channel devices means that the full-CMOS cell
generally requires a larger area than does the poly-load cell. Furihermore, in order o
establish contacts from the drain regions of the p-channel devices 1o those of the
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580  SILICON PROCESSING FOR THE VLSI ERA ~ VOLUME I
- compared 10 nine contacts in a cell implemented with double-level metal, but with no
local interconnect level — and thus the cell size can be made signigicantly smaller.)

This SRAM is fabricated using a 14-mask process, and it employs a single level of
polysilicon and two layers of metal. The poly layer is selectively doped p-type when it
acts as the gate for PMOS devices, and a-type when it is a gate for NMOS devices. A
silicide strap is also used to connect poly lines to diffused regions. Spare rows and
columns are included for redundancy.

Another ful-CMOS SRAM (256 kbits in size) has also been described.? This 35-ns
access-time part uses TiN as a local-interconnect structure between gates and diffused
regions, and 0.8-um MOS devices. The 100-nm-thick TiN layer has a sheet resistance
slightly lower than that of a 500-nm doped-poly layer (14 £/sq vs. 20 Q/sq). The TiN
makes contact to the TiSiy layer that is formed on the surfaces of both the diffusion and
gate regions. Since TiN is also an effective diffusion barrier, it prevents the phosphorus
dopant in the »™ polycide struciure from diffusing and counterdoping the diffused drain
regions of the PMOS devices when a connection is formed between them. (The
formation and properties of TiN as an interconnect and barrier material is discussed in
greater detail in chap. 3).

Several 4-Mbit CMOS SRAMS are described in the Ociober, 1989 issue of the JEEE
Journal of Solid-State Circuits. The decrease in SRAM cell size as a function of
minimum feature size is shown in Fig. 8-5.
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Fig. 8-8 MOS SRAM cell size versus design rule history.“é (© 1986 IEEE).
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Fig. 86 (a) Comparison of parameters about the load resistors in SRAM cells. (B)
Schematic cross section of a polysilicon resistor.

arsenic (and perhaps also increasing the potential basrier height by forming silicon-
oxygen bonds).

The high sheet resistance of polysilicon-load resistors is also reduced by hydrogen
diffusion into the polystlicon from plasma-deposited nitride passivation films, This
was found 1o be controllable by sandwiching the polysilicon film with an LPCVD
silicon-nitride film (which contains much iess hydrogen than does plasma-deposited
nitride; see Vol. 1, chap. 6).19
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Fig. 8-6 (¢) Sheet resistance versus arsenic dose for ion-implanted polysilicon resistors. )
(© 1985 IEEE). (d) Resistance versus nominal resistor length for oxygen-doped and undoped
polysilicon resistors. Resistance is normalized to 1-itm width, 17 {(© 1987 IEEE).

8.2.1.4 Soft Errors in SRAMs. SRAMs offer beter resistance than DRAMS to
both transient and total-dose radiation, making them betier suited for some military and
space applications. Until recently, the soft-error rates of SRAMs (see section 8.3.4)
were negligible compared to those of DRAMs. However, as geometries have been
scaled down to produce circuits of greater density, alpha-particle~induced soft-error rates
have also become a concern in SRAMs. 33 Although p-well CMOS in itself raises the
threshold against solt-error failures, the use of extra buried p-layers has also been
explored as a way to reduce such errors by an additional three orders of magnimde.w In
addition, the full-CMOS cells exhibit less susceptibility than poly-load cells to single-
event upsets and soft errors,

CMOS/S0S technology provides inherently harder parts than does bulk CMOS, and
SRAMs have thus been built in CMOS/SOS for such applications, A report detailing
the causes of the increase in soft-error rates in densely packed SRAM cells is given in
reference 11. Another report on the modeling of alpha-particle sensitivities of SRAMs
indicates that state-of-the-art CMOS SRAMs from 64 kbits to 1 Mbit can be made to
exhibit sufficient insensitivity 1o alpha particles.!8
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Table 8-3 Comparison of 64-kbit Bipotar and BICMOS SRAMS%

13-pm BICMOS  2.0-um BiCMOS 1.2-um Bipolar Unit

Organization G4k x 1 16k x 1 64k x 1 word x bit
Address Access Time 7 13 10 ns

Write Pulse Width 4 7 I g
Operating Power 350 500 1300 mw
Memory-Cell Size 97 230 524 m?

Die Size 20 30 55.4 mm?

logies is given in Table 8-3.24 More recently, 256-kbit BiCMOS SRAMs have been
announced, with access times of 8-12 ns.23:26 Ag noted cartier, BiICMOS SRAMS can
be designed with TTL as well as ECL /O capabilitics.

in early BICMOS SRAMs, moderate-speed bipolar transistors were integrated into
what was cssentially a CMOS technology in order (o provide faster output buffers and
sense amplifiers. In more recent designs, the CMOS devices are being fabricated on a
basically high-specd bipolar chip, In an carly 16-kbit BICMOS SRAM, the cells of the
memory array were poly-load cells, the peripheral circuits were CMOS, and the 1/O
buffers and sense amplifiers were bipolar circuits. In a more recent 256-kbit BICMOS
SRAM design, the memory array was implemented with full-CMOS cells, and bipolar
sense amplifiers and ECL output buffers were used. This memory had a reporied access
time of § ns and could be operated with battery backup (i.e., since it draws only 1 A
during standby, a battery with minimal power can provide long-term backup).

Figure 8-8 shows the speed-versus-density characteristics of bipolar, CMOS, and
BiCMOS SRAMs.34 These curves indicate that bipolar technologies no longer offer
the fastest performance at such densities, and that ECL IO BICMOS offers higher

Speed vs Density
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23
3
0O 10
¢ il
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(log)

K 4K 16K 64K 256K 1M
Fig. 8-8 Comparison of speed and density of CMOS, Bipolar and BiCMOS SRAMs. 34
Reprinted with permission of Semiconductor International.
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Fig. 8-18 (a) and (b) Top and perspective views of the folded capacitor cell (FCC)35 (@
1984 IEEE). (¢) Increase in capacitance by FCC. (d) Cross section of FCC showing CVD Si0g
BOX-isolation structure. 56 (© 1986 IEEE).

from those of adjacent cells by means of a BOX-type isolation structure, rather than a
LOCOS isolation structure {Fig. 8-184). This increases the memory-array packing
density {and in effect decreases the cell size), while also increasing the capacitance. An
FCC cell size of 32 um? with a 70-fF capacitor was reportedly used to fabricate 1-Mbit
DRAMS. This cell appears o be scalable to 4-Mbit and 16-Mbit DRAM requirements.
In a second novel approach, the walls of the storage electrode were made to follow the
outside edges of the cell perimeter, and the access trangistor was placed inside (fsolation
VErtical Capacitor cell, or IVEC, Fig. 8-19a).57 A third invention folded the plate
electrode around the storage electrode but used selective doping of certain french walls to
achieve isolation (i.e.,the substrate trench walls that act as isolation structures were
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¥ig. 8-20 (a) Mechanism of charge storage on outer and inner plates of the DRAM trench
storage capacitor. (b) Cross section and process sequence of BSE cell.60 (® 1985 1EEE). (¢)
Cross section of SPT cell,61 (@ 1985 IEEE). (d) Cross section of STT cell.62 (® 1987 IEEE).

capacitor equivalent to three capacitor elements in series. Since the depletion regions
grow with increasing voltage, the total trench capacilance decreases monotonicatly, The
heavy doping of the plates therefore helps to maximize the cell capacitance. Finally, in
such cells a 0 Jogic level is stored as 0 Vand af levelas 5 VY,

The problem with this type of cell is that the gated-diode structure shown in Fig.
B-Z1a can causc a significant feakage current to flow into the storage node, adversely
affecting the cell's retention time. (The physics of the gated diode structure is treated in
detail in reference 63.)  An alternative cell (the IBM SPT cell) overcomes this problem
by using PMOS access transistors and p-type doped inner-storage electrodes, and then
creating the SPT cells in an n-well on a p-substrate (Fig. 8-21b).54 As a result, the
storage electrode gates the n-well-lo-substrate junction, and the leakage current (as well
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Fig. 8-26 Stacked capaciter (STC) cell structure,

256-kbit DRAMS, the minimum cell size required by conventional stacked-capacitor
cells for adequate charge-storage capacity is too large for these cells to be used in larger
DRAMs.

For STC cells to be made feasible for 1-Mbit DRAMs and beyond, an insulator with
a larger dielectric constant than that of SiOy must be used, or novel cell structures must
be developed. Although research is continuing into the use of such higher dielectric
constant materials as tantalum pentoxide, currently acceptable insulators do not make
conventipnal STC cells viable for 1-Mbit and larger DRAMs. However, several novel
STC cell designs have been reported.

In the first of these, the contact hole used 1o connect the lower capacitor electrode 1o
the drain of the access transistor is not fiiled up with polysilicon, as is the case in
conventional STC cells (Figs. 8-27a and 5).74 Such filling up of the contact hole
reduces the effective arca of the capacitor, especially for holes with small dimensions.
instead, the contact hole is opened after the lower capacitor-electrode polysilicon film is
deposited, and only a thin second polysilicon film is subsequently deposited into the
hole (Fig. 8-27¢). Good contact between the second {ilm and the substrate is established
by means of an ion-beam mixing implantation step following the thin-poly deposition
(see section 3.4.2.5). This process produces a cell capacitance that is ~1.3 times as
large as that obtained with a conventional STC. (Figure 8-27d shows an SEM
photograph of the new cell) A cell capacitance of ~35 {F with a cell size of 8.8 pum? g
achieved with this design.

As shown in Fig, 8-27d, by trenching info the Si substrate it is possible to produce
even more capacitance for a cell size of the same area (or a comparable capacitance fora
smaller cell size). The trenched STC cell of Fig. 8-27d is predicted 1o be able o provide
30 fF of capacilance in a cell area of 1.3 um?, which would make it suitable for 64-
Mbit DRAMs. A wench depth of ~1 pm is needed to achieve this capacitance value,

In the second novel STC cell, the bit lines are formed before the stacked capacitor is
fabricated. In addition, the capacitor is laid out on a diagonal with respect to the bit and
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Fig. 8-28 Cross section and layout of: (a) conventional STC cell. (b) DASH cel.”? (®
1988 JEEE).

word lines, which increases the cell area without increasing its size, This cell is thus
called a diagonal active-stacked-capacitor cell with a highly packed storage node
(DASH).T5 Figure 8-28a shows the cross scction of the DASH cell, and Fig. 8-28b
compares the layouts of this type of cell with that of a conventional §TC cell. The
DASH cell yields a 35-fF capacitance for a cell size of 3.4 um?2, and hence could be
used in 16-Mbit DRAMS.

In the third novel $TC cell, a unique fin structure is used to fabricate a capacitor with
a high capacitance in a small area, (Figure 8-29a shows the fabrication process
sequence.)’® This structure would allow cells with two fins to be used in a 16-Mbit
DRAM, When the bit lines are formed prior to formation of the fin structure (Fig.
8-29b), a cell structure can be obtained that has sufficiently high capacitance in a small
enough area 1o allow fabrication of a 64-Mbit DRAM.

A fourth novel STC cell, called a spread stacked capacitor (SSC) cell, 122 the storage
electrode is expanded into the neighboring 2nd memory cell area (Fig. 8-29¢ and d), and
the storage electrode of the 2nd memory cell is expanded to the 1st memory-cell area.
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Fig. 8-31 (c) MOS NAND ROM - simplified layout, (d) BJIT ROM celis.] From D. A,
Hodges and H. G. Jackson, Analysis and Design of Digital Integrated Circuits, Copyright,
1983 McGraw-Hill Book Co. Reprinied with permission.

In bipolar PROMS, two techniques are used to eradicate the word-to-bit-line paths in
desired bit focations. The first involves the use of a bipolar transistor in series with a
fuse, as shown in Fig, 8-32, In such emitter-follower bipolar PROMs, a small fusible
tink is placed in series with each emitter. Early links were implemented with nichrome
thin films, but these exhibiled a growback problem (in which disconnected fuges became
reconnected after some time). PROM fuses are now generally made of polysilicon.
Fuse-link PROM3 are designed 1o operate with a 5-V supply for reading data, but higher
voliages (10-15 V) are needed to produce the 10-30 mA required to blow open the fuses,
Such large voliages may be supplied by off-chip programming devices or by special
electronic circuits available on the chip.

The second technique makes use of a pn diode that is short-circuited by an
avalanching pulse. An example of a 64-kbit bipolar PROM using pn diode cells with
an access time of 50 ng 18 described in reference 82,

MOS PROMs have also been introduced, and in 1985 they became available in
1-Mbit size. Such components are actually MOS erasable and programmable read-only
memories (EPROMSs) housed in inexpensive plastic packages (rather than in the costly,
quariz-windowed ceramic packages needed by erasable MOS PROMs). Without a quartz
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Fig. 833 (a) Circuit schematic and cross seciion showing the mechanism of charge
injection into the gate by avalanche in a FAMOS memory clement. (b) A FAMOS element
made with two layers of polysilicon and suitable for n-channel MOS applications. From R. S.
Muller and T. 1. Kamins, Device Electronics for Integrated Circuits, Zud Ed, Copyright 1986,
John Witey & Sons. Reprinted with permission.

Traditionally, such EPROMSs have been used as prototyping vehicles to ensure that
no glitches remained in the code. Once the programs were finalized, the code was
usually fixed into ROM components. However, the cost of EPROMs is shrinking with
advances in technology, and as a result, their use is growing at the expense of ROMs.
Another factor in favor of EPROMS is their faster turm around time (which also plays a
role in the choice of technology used to impiement masked ROMS).

The charge-transfer mechanism is based on the injection of hot electrons into the
floating polysilicon gate, which is completely encapsulated by SiO9. The original
EPROM devices were fabricated in PMOS technology and consisted simply of a
MOSFET with a floating gate (Fig. 8-33a). If a sufficiently high reverse-bias voltage
is applicd 1o the drain, the drain-substrate pn junction will experience avalanche
breakdown, causing hot electrons 1o be generated. Some of these will have enough
energy to pass over the oxide potential-cnergy barrier and charge the floating gate (sec
section 5.6.2). These EPROM devices were thus called Floating-gate, Avalanche-
injection MOS ransistors (FAMOS).
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Fig. 835 Equivalent capacitive divider of an EPROM structure.

device with a Vp =1V was fabricated with the double gate of Fig. 8-33b, a voltage of
2 V would have to be applied to Gate #2 (o turn it ON; a voltage of 5 V for reading the
cell would also cause it to turn ON (Fig. 8-36). Such a wrned-on device would cause a
positive logic stored zero o appear at the output of the bit line if the device was used in
a NOR array. As a result, the programming of the EPROM begins by discharging all
of the floating gates through exposure to UV radiation, so that every cell initially stores
a0. A1 isthen selectively written into the desired cells.

For a I to be written into a cell, both Gate #2 and the drain are raised to about 12V
(for a few hundred microseconds), while the source and substrate arc kept grounded {early
EPROMs required 30 V programming voltages for several milliseconds). Hot electrons
are created near the drain and are atiracted to the floating gate {(which, due to capacitive
coupling, has a more positive potential than the drain). Some fraction of the electrons
will traverse the oxide and charge the floating gate. When the voliages on Gate #2 and
the drain are returned w zero, these charges remain trapped on Gate #1. The electrons
trapped on Gate #1 cause its potential 10 be at about -5 V. Therefore, if a signal of only
5V is applied 10 Gate #2 when the EPROM is being read, no channel will form in the
ransistor. Under this circumstance, a / is stored in the cell. The electron- trapping
process is self-limiting, because once electrons are stored on the floating gate they begin
to inhibit further electron injection.

In order for the cells 10 be erased, the stored charge must be removed from the
floating gate. This is accomplished by flood exposure of the EPROM with strong ulira-
violet light for approximately 20 minutes. The UV light creates electron-hole pairs in
the 5i0y, providing a discharge path for the charged floating gate,

. I Active
tn |~word line
voliage
Not .
programmed

(h

T

Fig. 8.36 Transfer characteristic of a floating-gale transistor.
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cell appears to make possible the fabrication of 4-Mbit EPROMs with 1-pm design
rules because it uses buried n bit lines that are scif-aligned to the FAMOS transistor.

8.7 ELECTRICALLY ERASABLE PROMS (EEPROMS)

In some applications it is desirable to erase the contents of a ROM electrically, rather
than to use a UV light source. In other circumstances i is useful to be able 1o change
one byle at a fime, without having to erase the entire IC, A variely of electrically
erasable PROM;s have been developed to serve these applications. Such EEPROMS are
the most sophisticated of the ROM families in terms of the physical operating
principles and process complexity. For example, EEPROMs must be fabricated with
unique tunnel oxides, as well as with high-voliage transistors (for programming and
erasing the devices).

Three technologies have been developed for EEPROM fabrication: (1) MNOS
wansistors; (2) Floating-gate ‘Tunnel Oxide (FLOTOX) MOS transistors; and (3)
textured-polysilicon floating-gate MOS transistors, Although MNOS transistor-based
devices were among the first EEPROMs to be commercially manufactured, their
technology limitations have made them less widely adopted than the others, Therefore,
we will devote most of our attention to FLOTOX and textured-poly EEPROMs.

8.7.1 MNOS-Based EEPROMSs

The MNOS EEPROM cell consists of a single MOS-like transistor that employs a
composite gate-dielectric layer (SigNg, ~50 nm thick, on top of a very thin [~2 nm
thick] Si07 layer), as shown in Fig, 8-37, (See ref. 118 for more details on MNOS
devices.) Unlike in floating-gate MOS devices, the charge is stored in discrete traps in
the nitride bulk. The charge transfers from the substrate to the nitride traps (and back,
during erasure) by tunneling through the thin oxide layer, Programming is accomplished
by applying a high voltage to the top gate; erasing is done by grounding the 1op gate
and raising the well to a high potential.  MNOS transistors are built within wells (akin
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Fig, 8-37. Cross-sections! structure of an MNOS memory cell. 187 (@ 1983 IBEE).
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Fig. 8-39 Textured-polysilicon memory cell. (a) Top view. (b) Cross-sectional structure.? |

(© 1936 IEEE).

programming and erasure) are contributing factors, The poly-to-poly area of the sense
traﬂsasior must also be large, due to the high oxide capacitance of the thin tunnel
oxide 2 Purthermore, the FLOTOX EEPROMs exhibit high fm}ure raw,s, caused by
defect-related oxide-breakdown problems as memory size is increased.? Error-detection
and correction codes (EDCC) can be used 10 overcome this limitation, but such solu-
tions impose a penalty of increased die cost. Reference 95 gives an example of a 50-ns
access time, 256-kbit FLOTOX-based CMOS EEPROM using a single-bit EDCC.

The reliability of FLOTOX-based EEPROMs compares favorably with that of the
other two EEPROM types. As with the others, there is a very low failure rate during
5-V operation; reliability problems occur as a result of the high voltages that must be
used during programming and erasing. Random single-bit failures cccur in FLOTOX
devices due w oxide defects, resulting in leaky oxides that lose charge over time, The
number of cycles that most FLOTOX EEPROMs are specified (o be able o cndure be-
fore the thin oxide becomes too leaky to retain data sufficiently, 15 103104 cycles,
Hc}w&ver a process for increasing this endurance level to 108 gycles has been
mpencd

8.7.3 Textured-Polysilicon EEPROMs

Textured-polysilicon EEPROMs, introduced in 1983 as an alternative to the tunneling
oxide Lypes of devices, are also based on the {loating-gate MOS technology. The cell
consists of three layers of polysilicon that partially overtap (Fig. 8-39) to create a cell
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that behaves like three MOS transistors in series. The floating-gate MOS transistor is
formed by the middie polysilicon structure, which is encapsulated with SiO; to cnable
high charge retention, While charge is still transferred to the floating gate by means of
Fowler-Nordheim tunneling, tonneling takes place from one polysilicon structure 10
another rathier than from the substrate to the floating gate. The interpoly oxides through
which the tunneling takes place can be made significantly thicker than the tunneling
oxides in FLOTOX devices (60-100 nm in textured poly devices, versus <12 nm in
FLOTOX devices), since the electric field that promotes the tunneling is enhanced by
the geometrical effects of the fine exiure at the surface of the polysilicon structures.

Textured-poly cells are programmed by causing electrons to tunnel from poly I to
the floating poly. Erasure is accomplished by causing electrons to tunnel from the
floating poly struclure 1o poly 3. The vollage of poly 3 is taken high in both the
programming and erase operations, The drain voltage, however, determines whether
tunneling occurs from poly I (o the floating gate, or from the floating gate 10 poly 3.
As a result, the state of the drain voliage determines the final state of the memory cell,
This provides an advantage, in that the cell represents a direct write cell — there is no
need to charge all the cells and then remove the charge from selected cells, as with
FLOTOX EEPROMsS,

Textured-poly EEPROMSs depend on a tuaneling process whose physical mechanisms
are not as well understood as those of tunneling through thin oxides, and which appears
to require tighter control of empirically determined process parameters. In addition, the
three poly layers require a more complex {and thercfore more costly) fabrication
sequence. Furthermore, textured-poly EEPROMSs require a higher operaling voliage
than FLOTOX devices (>20 V). Finally, an intrinsic endurance problem is caused by
the very high electron trapping that occurs as a result of tunneling in the poly oxides.
This eventuoally leads to a condition in which the memory can no longer be programmed
or erased.

For all of the above reasons, the textured-poly approach has been less widely pursued
than the FLOTOX approach. Only one company, Xicor, is heavily involved in
manufacturing these devices.?? However, because the poly cells can be made about
one-half the size of FLOTOX cells, it is possible to fabricate them in high-density
configurations, In 1989, the largest textured-poly EEPROMSs being offered had a
1-Mbit capacity. Although the cell-gize advantage gives the textured-poly approach an
edge over the FLOTOX EEPROMs for memories larger than 256 kbits, the flash-
EEPROM technology described in the next section, provides a way to achieve equally
high-dessity EEPROMs without the need to develop a textured-poly process.

8.8 FLASH EEPROMS

The flash EEPROM device is so named because the contents of ail of the memory's
darray cells can be erased simulianecusty as with a UV-EPROM, but through the use of
an electrical erase signal. The term flash refers to the fact that the cells can be erased
much more rapidly (1 or 2 seconds, compared to the 20 minutes required 1o erasg a UV-
EPROM). Although it was not possible to crase only a single byte in the first
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The celf contains a ferroelectric capacitor as the charge storage clement and an MOS
transistor for sensing and writing (Fig. 8-43b). The ferroelectric insulator of the
capacitor may be polarized by either a positive or negative voltage, and its polarization
state is retained after the voltage is removed (this characteristic is called a ferroelectric
¢ffect). This effect oceurs because in some materialg dipoles will align in parallel under
the influence of an externally applied clectric field, and they will remain aligned
(polarized) after the field is removed. Reversal of the field causes polarization in the
opposite direction. Thus, a ferroelectric is a material which can be permanently
polarized by the application of an electric field, (Contrary to the name, the ferroelectric
effect has nothing to do with iron,)

A ferroelectric thin-film capacitor ¢xhibits a characteristic hysteresis curve, which
describes the amount of charge that the device can store as a function of the applied
voltage (Fig. 8-42a). It has two stable polarization states and can be modeled as a
bistable capacitor with two distinct polarization thresholds. The coercive voltage is the
digital switching threshoid of the capacitor. For memory applications, it is desirable for
the two coercive voltage points to be symmetrical and less than 2.5 V, so that the
memory may operate from standard memory power-supply voltages,

Memory arrays of such ferroelectric cells (FRAMs) have the potential to replace hard
and floppy magnetic disks, Such memory arrays could provide increased reliability
compared with the present magnetic disk drives, since the FRAM contains no moving
parts. In addition, they could offer much shorter read, write, and access times than
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Fig. 8-42 Size of flash-memory cell versus lithographic {eature size.99 (© 1988 IEEE).
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Fig. 8-44 Cross sectional view of a ferroelectric memory cett. 102 (© 1987 IEEE).

a larger charge can be stored on a capacitor of the same size (for example, if a capacitor
using a PZT film could store 10 uCfem? of charge, one of the same size using SiOz
could store only 0.1 ,uC[ch). If the smaller ferroelectric capacitor could be used,
DRAM manufacturing could thus revert to the simpler planar process.
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PROBLEMS

8.1 Determine the width (o length ratios for the static NMOS static RAM cell layout shown
in Fig. B-4a. Assume that the source and drain diffuse 0.5 gm into the channel, so that the
electrical channel length is 1 fim less than the channel length measured in Fig, 8.4a. Usc the
above device data to calculate the nominal power consumption at standby, the readout current
when the column lines are biased at +3.0 V, and the columm voltage needed 1o change the
state of the selected cell.

8.2 For the cell of the previous problem, caleulate the row and column capacitances and
resistances per memory cell. Assuming that a read operation requires that the column voltage
change from 3.0 1o 2.5 V. Calculate the row and column delay times for a 4096 bit (64x64)
array of these cells,

8.3 A DRAM is required 1o operate with a minimum refresh time of 4 ms. The storage
capacitor in each cell is 10 pm square, has a capacitance of 50 pF (50x10-1% F), and is fully
charged at 3 V. (8) Calculate the number of clecirons stored in each cell. (b) Hstimate the
worst-case leakage current that the dynamic capacitor node can tolerate.

8.4 Caleulate the arca needed to make a trench-capacitor DRAM cell with the same
capacitance as the capacitor in problem 8.3, assuming that the rench depth is (a) 1 pm deep,
and (b) 5 pm deep, and the wench in both cases is 1 gm wide. Assume that the capacilance per
silicon surface area is the same as in problem 8.3,

8.5 Draw the layout for a NOR ROM implemented in silicon-gate NMOS technology with a
level of detail similar 1o that shown in Fig. 8-31c, Calculate row {gaic) and column
capacitances per bit, assuming the gate oxide thickness is 100 nm, substrate doping is
1x1015 em™3, source/drain doping is 1x10%® ¢m3, the $/D junction depths and lateral
diffusions are 1 pm, and the minimum feature size (i.e., polysilicon gale width and length) =
10 pm, This ROM uses a load trangistor formed with a depletion imyplant. (o not neglect the
capacitance from this implant to substrate) In addition, calenlate the nominal current
available when reading a stored zero (low column voliage).

B.6  Given an EPROM cell as shown in Fig. 8-33b, assuming that the transisier
characteristics if Gate 1 could be used as an input are those given above. (Of course, Gate 1 is
not directly accessible in the EPROM device.) The oxide under Gate 1 i3 100 nm thick, and
that under Gate 2 is 120 nm thick. The drawn channel dimensions are W = L = 10 um. {(a)
Calculate the saturated drain current for this device with source grounded and 5 V applied 1o
drain and Gate 2, assuming that the potential on Gale 1 is zero with 0 V on all other
elecirodes. (b) Assume that during writing a current of 10°11 A flows from Gale 1 to drain,
induced by the high field in the drain depletion region. How leng will it 1ake for the
potential on Gate 1 to change by 5 V due 1o this eurrem?

8.7 Calculate the threshold voltage seen from Gate 2 for the EPROM cell of the previous
example, assurning the potential on Gate 1 15 -5 V with 0 V applied to aill other ¢lecirodes.
B.8 For a floating-gate EPROM, the Tower gate oxide has a dielectric constant = 4, and a
thickness of 100 nm. The insulator above the {loating gate has a dielectric constant of 10

and is 100 nm thick. If the cusrent density J in the lower insnlators is given by J = oF, where
G = 107 (§2-cm)"), and the current in the other insulator is negligibly small, find the
threshold voltage shilt of the device caused by a voliage of 10 V applied to the control gate

(Gate 23 for (a) 0.25 usec, and (b) a sufficiently long tme that J in the lower insulator
becomes nepligibly small,
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