9 / MOS Process Integration

In Chapter 9 we explore a number of relationships between process and device design
and circuit layout. Processes are usually developed to provide devices with the highest
possible performance in a specific circuit application, and one must understand the
circuit environment and its relation to device parameters and device layout.

In this chapter we look at a number of basic concerns in MOS process design,
including channel-length control; layout ground rules and ground-rule design;
source/drain breakdown and punch-through voltages; and threshold-voltage adjustment.
Metal-gate technology is discussed first, and then the important advantages of self-
aligned silicon-gate technologies are presented. Discussions of CMOS technology and
the application of anisotropic etching to MOS devices complete the chapter.

9.1 BASIC MOS DEVICE CONSIDERATIONS

To explore the relationship between MOS process design and basic device behavior, we
begin by discussing the static current-voltage relationship for the MOS transistor, as
developed in Volume IV of this series.') The cross section of two metal-gate NMOS
transistors is shown in Fig. 9.1. In the linear region of operation, the drain current is
given by

Iy = -‘InCO(Z/L) (Vos — Vr — Vps/2)Vps .1

for Vgs = Vyand Vps =< Vgs — Vi. Co = K €0/X, is the oxide capacitance per unit area,
1, is the average majority-carrier mobility in the inversion layer, and Vi is the thresh-
old voltage.

One of the first specifications required is the circuit-power-supply voltages, which set
the maximum value of Vgs and Vps that the devices must withstand. Once this choice is
made, the only variables in eq. (9.1) which a circuit designer may adjust are the width
and length of the transistor. Thus, the circuit designer varies the circuit topology and
horizontal geometry to achieve the desired circuit function.
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Fig. 9.1 (a) Cross section of an integrated circuit showing two adjacent NMOS transistors. A
parasitic NMOS device is formed by the aluminum interconnection over the field oxide with
diffused regions (2) and (3) acting as source and drain. (b) An NMOS transistor with gate-to-source
(Vgs), drain-to-source (Vps), and source-to-bulk (Vsg) voltages defined.

Other device parameters are fixed by the process designer, who must determine the
process sequence, times, temperatures, etc., which ultimately determine the device
structure and hence its characteristics. These include specifying the gate-oxide thickness,
field-oxide thickness, substrate doping, and field and threshold-adjustment im-
plantations. The process designer also supplies a set of “design rules” or “ground rules”
which must be obeyed during circuit layout. These include minimum channel length and
width, spacings between features on the same and different mask levels, and overlaps
between features on different mask levels. A mask alignment sequence and tolerances
must also be developed for the process.

9.1.1 Gate-Oxide Thickness

Current flow in the MOS transistor, for a given set of terminal voltages, is inversely
proportional to the gate-oxide thickness. The gate oxide will generally be made as thin
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as possible, commensurate with oxide breakdown and reliability considerations. High-
quality silicon dioxide will typically break down at electric fields of 5 to 10 MV /cm,
corresponding to 50 to 100 V across a 100-nm oxide. Present processes are using oxide
thicknesses between 20 and 100 nm. Below 10 nm, current starts to flow by tunnel-
ing, and the oxide begins to lose its insulating qualities. The choice of oxide thickness
is also related to hot electron injection into the oxide, a problem beyond the scope of
this text.2

9.1.2 Substrate Doping and Threshold Voltage

Threshold voltage is an important parameter which determines the gate voltage necessary
to initiate conduction in the MOS device. The threshold voltage!"! for a device with a
uniformly doped substrate is given by:

E
NMOS: V= @y — x — 2—; + 1®pl + [V2K,£0gNp(2IPel + Vsp)]/Co — Qu/Co

9.2)

PMOS: ‘{F= by — x — % — 1®pl — [V2K,£0gNp(21Pel — Vis)]/Co — Qua/Co

i®el = (kT/q) In(Ns/n;) e e A

in which Ny is the substrate doping. &y — x = —0.11 for an aluminum gate,
®y — x = 0 for an n*-doped polysilicon gate, and yy — x = +1.12 for a p*-doped
polysilicon gate.

Q. represents the total oxide and interface charge per cm? and adds a parallel shift
of the curves in Fig. 9.2 to more negative values of Vr. This charge contribution to the
threshold voltage had an extremely important influence on early MOS device fabrication.
Qw: tends to be positive, which makes the MOS transistor threshold more negative;
n-channel transistors become depletion-mode devices (Vr < 0), whereas p-channel tran-
sistors remain enhancement-mode devices (Vr < 0). During early days of MOS tech-
nology, Q.. was high, and the only successful MOS processing was done using PMOS
technology. After the industry gained an understanding of the origin of oxide and
interface charges, and following the advent of ion implantation, NMOS technology
became dominant because of the mobility advantage of electrons over holes. Today, total
charge levels have been reduced to less than 5 X 10" charges/cm? in good MOS pro-
cesses, and the oxide charge contribution to threshold voltage is minimal.

Substrate doping enters the threshold-voltage expression through both the I®gl term
and the square-root term. A plot of threshold voltage versus substrate doping for n- and
p-channel, n* polysilicon-gate devices with 50-nm gate oxides is given in Fig. 9.2 for
Qw: = 0. The choice of substrate doping is complicated by other considerations including

O = Or + O + O
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Fig. 9.2 Threshold voltages for n- and p-channel polysilicon-gate transistors with 50-nm gate
oxides, calculated from eq. (9.2).

drain-to-substrate breakdown voltage, drain-to-source punch-through voltage, source-to-
substrate and drain-to-substrate capacitances, and substrate sensitivity or body effect.

The source and drain regions are usually heavily doped to minimize their resistance
and are essentially one-sided junctions in which the depletion region extends entirely into
the substrate. Figure 9.3a gives the breakdown voltage of a one-sided pn junction as a
function of the doping concentration on the lightly doped side of the junction.”™ Junction
breakdown voltage decreases as doping level increases. Breakdown voltage is also a
function of the radius of curvature of the junction space-charge region. Junction curva-
ture enhances the electric field in the curved region of the depletion layer and reduces
the breakdown voltage below that predicted by one-dimensional junction theory. A
rectangular diffused area has regions with both cylindrical and spherical curvature, as
shown in Fig. 9.3b.

Punch-through occurs when the drain depletion region contacts the source depletion
region, and substrate doping must be chosen to prevent the merging of these depletion
regions when the MOSFET is off. Punch-through will not occur if the channel length
exceeds the sum of the depletion-layer widths of the source-to-substrate and drain-to-
substrate junctions. For a transistor used as a load device in a logic circuit, the source-
to-substrate and drain-to-substrate junctions must both support a voltage equal to the
drain supply voltage plus the substrate supply voltage. The depletion-layer widths can be
estimated using the formula for the width of a one-sided step junction:

W = V(2K (IVal + By))/gNs
®,; = 0.56 + (kT/q) In(Ng/n;) 9.3)
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Fig. 9.3 (a) Abrupt pn junction breakdown voltage versus impurity concentration on the lightly
doped side of the side of the junction for both cylindrical and spherical structures. r; is the radius
of curvature. (b) Formation of cylindrical and spherical regions by diffusion through a rectangular
window. Copyright, 1985, John Wiley & Sons, Inc. Reprinted with permission from ref. [5].

where V, is the total applied voltage and @y, is the built-in potential of the junction. If
the channel length is greater than 2W, punch-through should not occur. Figure 9.4 gives
the depletion-layer width of pn junctions as a function of doping and applied voltage.
Punch-through is not a limiting factor for most doping levels, except for very-short-
channel transistors.
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Fig. 9.4 Depletion-layer width of a one-sided step junction as a function of doping and applied
voltage calculated from eq. (9.3).

The capacitance per unit area associated with a diffused junction is given by the
parallel-plate capacitance formula with a plate spacing of W:

Cj = KSEQ/W .

The larger the doping, the larger the capacitance. Zero bias and a doping concentration
of 10"/cm’ result in a junction capacitance of approximately 10 nf/cm?.

Eq. (9.2) shows that the threshold voltage depends on the source-to-substrate volt-
age, Vsp. This variation is known as “substrate sensitivity” or “body effect,” and it
becomes worse as the substrate doping level increases.

From the above discussion, one can see that there are tradeoffs involved in the choice
of substrate doping. Substrate doping is directly related to threshold voltage. It is
desirable to reduce substrate doping to minimize junction capacitance and substrate
sensitivity and to maximize breakdown voltage. Mobility also tends to be higher for
lower doping levels. On the other hand, a heavily doped substrate will increase the
punch-through voltage.

9.1.3 Threshold Adjustment

Ion implantation is routinely used to separate threshold-voltage design from the other
factors involved in the choice of substrate doping. Substrate doping can be chosen based
on a combination of breakdown, punch-through, capacitance, and substrate sensitivity
considerations, and the threshold voltage is then adjusted to the desired value by adding
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Fig. 9.5 Step approximation to a Gaussian impurity profile used to estimate the threshold-voltage
shift achieved using ion implantation.

a shallow ion-implantation step to the process. Figure 9.5 shows a step approximation
to an implanted profile used to adjust the impurity concentration near the surface. These
additional impurities cause a shift in threshold voltage given approximately by

AVr = (1/Cy) (g2) (1 — xi/2xy), xi < xy, xd’= V gNu/4K €| Dl
9.4

where O; = x; N; represents the implanted dose and x, represents the depletion-layer
width beneath the gate. For shallow implants, the threshold-voltage shift is approxi-
mately proportional to the implanted dose. The threshold-voltage shift is positive for
acceptor impurities and negative for donor impurities.

Example 9.1: An NMOS transistor with an n* polysilicon gate is fabricated with a 25-nm
gate oxide, a substrate doping of 3 X 10"*/cm’, and source/drain janction depths of 3 um.
Determine the threshold voltage and drain-to-substrate breakdown voltages for this device.
What is the punch-through voltage for a channel length of 4 um if the substrate bias is
=3 V? A shallow boron implantation is to be used to adjust the threshold to 1.0 V. What
is the dose of this implant? Assume Vsg = 0 and Qix = 0.
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Solution; For the n* polysilicon-gate transistor, @y — x — E3/2g = —0.56 V and
i®l = 0.33 volts (forn; = 1 X 10"/cm’ and kT/q = 0.026 V). For Vsg = 0, the thresh-
old voltage expression yields Vr = —0.56 + 0.33 + 0.20 V = 0.03 V. Interpolating
Fig. 9.3 for spherical breakdown with a substrate doping of 3 X 10*/cm’ and a radius of
curvature of 3 um gives an estimated drain-to-substrate breakdown voltage of 60 V. To
estimate the punch-through voltage, we use eq. (9.3) with 2W = 4 ymand Vo = V5 + 3,
where V;, is the drain voltage. Evaluating this expression yields Vp = 89 V.

For a shallow implant, the threshold-voltage shift is approximately AVy = qAQ/Co. A
voltage shift of 0.97 V with an oxide thickness of 25 nm yields AQ = 8.4 X 10" /cm?.

NMOS depletion-mode (Vy < 0) transistors are routinely used in processes designed
for high-performance logic applications. In order to reduce the NMOS threshold voltage,
n-type impurities are implanted to form a built-in channel connecting the source and drain
regions of the transistor, as in Fig. 9.6. The device characteristics of a depletion-mode
transistor are similar, although not identical, to those of an enhancement-mode NMOS
transistor, and the dose needed to shift the threshold voltage may be estimated using
eq. (9.4).

9.1.4 Field-Region Considerations

The region between the two transistors in Fig. 9.1 is called the field region and must be
designed to provide isolation between adjacent MOS devices. Several factors must be
considered. The metal line over the field region can act as the gate of a “parasitic NMOS
transistor” with diffused regions (2) and (3) acting as its source and drain. In order to
ensure that this parasitic device is never turned on, the magnitude of the threshold voltage
in this region must be much higher than that in the normal gate region. Referring to
eq. (9.2), the threshold voltage may be made higher by increasing the oxide thickness
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Fig. 9.6 (a) Formation of a depletion-mode NMOS transistor using a shallow ion-implanted
layer; (b) net impurity profile under the gate of the depletion-mode MOSFET.
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in the field region and by increasing the doping below the field oxide. The “field oxide”
is typically made three to ten times thicker than the gate oxide of the transistors.

Another problem occurs for NMOS transistors. The substrate for NMOS transistors
is p-type, usually doped with boron. We know that thermal oxidation results in depletion
of boron from the surface of the silicon, and looking at eq. (9.2) we see that boron
depletion will lower the threshold voltage of the transistors in the field region. A field
implant step is often added to modern processes to increase the threshold voltage and
compensate for the boron depletion during field-oxide growth.

For PMOS devices, the substrate is typically doped with phosphorus. During oxi-
dation, phosphorus pileup at the surface tends to increase the threshold voltage in the
field region. Thus phosphorus pileup helps to keep the parasitic field devices turned off.

One must also ensure that parasitic conduction does not occur between two adjacent
devices due to punch-through. The source and drain diffusions of each transistor must
be spaced far enough from the source and drain diffusions of the other transistors to
ensure that the depletion regions do not merge together. The spacing between adjacent
transistors must be greater than twice the maximum depletion-layer width.

9.2 MOS TRANSISTOR LAYOUT AND DESIGN RULES

Design of the layout for transistors and circuits is constrained by a set of rules called the
“design rules” or “ground rules.” These rules are technology-specific and specify mini-
mum sizes, spacings, and overlaps for the various shapes that define transistors. Pro-
cesses are designed around a “minimum feature size,” which is the width of the smallest
line or space that can be reliably transferred to the surface of the wafer using a given
generation of lithography.

To produce a basic set of ground rules, we must also know the maximum mis-
alignment which can occur between two mask levels. Figure 9.7a shows the nominal

Nominal x y x and y

(a) (b) © )

Fig. 9.7 (a) Nominal alignment of the contact and metal masks; (b) worst-case misalignment in
the x-direction, (c) in the y-direction, and (d) in both directions.
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position of a metal line aligned over a contact window. The metal overlaps the contact
window by at least one “alignment tolerance” in all directions. During the fabrication
process, the alignment will not be perfect, and the actual structure may have mis-
alignment in both the x and y directions. Figures 9.7b through d show the result
of worst-case misalignment of the patterns in the x, y, and both directions simultane-
ously. Our set of design rules will assume that this “alignment tolerance” is the same in
both directions.

9.2.1 Metal-Gate Transistor Layout

Figure 9.8 shows the process sequence for a basic metal-gate process. The first mask
defines the position of the source and drain diffusions. Following diffusion, the second
mask is used to define a window for growth of the thin gate oxide. The third and fourth
masks delineate the contact openings and metal pattern. The metal-gate mask sequence,
omitting the final passivation layer mask, is as follows:

1. Source/drain diffusion mask  First mask

2. Thin oxide mask Align to level 1
3. Contact window mask Align to level 1
4. Metal mask Align to level 2

An alignment sequence must be specified in order to properly account for alignment
tolerances in the ground rules. In this metal-gate example, mask levels two and three are
aligned to the first level, and level four is aligned to level two.

We will first look at a set of design rules for metal-gate transistors similar in concept
to the rules developed by Mead and Conway.' These ground rules were designed to
permit easy movement of a design from one generation of technology to another by
simply changing the size of a single parameter, A. In order to achieve this goal, the rules
are quite loose in terms of level-to-level alignment tolerance. We will explore tighter
ground rules later in this chapter.

A set of metal-gate rules is shown in Fig. 9.9. The minimum feature size F = 2A,
and the alignment tolerance T = A. The parameter A could be 5 um, 2 um, or 1 pm,
for example. Transistors designed using our ground rules will fail to operate properly if
the misalignment exceeds the specified alignment tolerance T.

On the metal level, minimum line widths and spaces are equal to 2A. In some
processes, the metal widths are made larger because the metal level encounters the most
mountainous topology of any level.

On the diffusion level, the minimum linewidth is 2A . The minimum space between
diffusions is increased to 3A to ensure that the depletion layers of adjacent lines do not
merge together. However, the spacing between the source/drain diffusions of a transistor
may be 2A.

In this set of rules, the alignment tolerance between two mask levels is assumed to
be 1A, which represents the maximum shift of one level away from its nominal position,
relative to the level to which it is being aligned. A 1A shift can occur in both the x and
y directions.
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" Fig. 9.8 Mask steps and device cross sections in a metal-gate process. (a) Substrate ready for first
mask step; (b) substrate following source/drain diffusion and oxide regrowth, (c) following gate-
oxide growth, (d) following contact window mask and aluminum deposition, and (e) following
metal delineation.

Square contacts are a minimum feature size of 2A in each dimension. It is normal
practice to ensure that the contact is completely covered by metal even for worst-case
alignment. Depending on the alignment sequence, a 1A or 2A metal border will be
required around the contact window. Likewise, a contact window must be completely
surrounded by a 1A or 2A border of the diffused region beneath the contact.

For our metal-gate transistors, the thin oxide region will be aligned to diffusion, so
it requires a 1A overlap over the source/drain diffusions in the length direction. The
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Fig. 9.9 A simple "A-based” set of “design rules” or “ground rules™ based on an alignment
sequence [n which levels 2 and 3 are aligned 1o level 1 and level 4 b aligned o level 1. () Rules
for metal and diffuced interconnection lines: (b rules for contacts between metal and diffusion.
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source/drain regions must also extend past the thin oxide by at least 1A in the width
direction. Contacts must be inside the diffusions by 1A. The metal level is aligned to the
thin oxide level, whereas the contacts are aligned to the diffusion level. A worst-case
layout therefore requires a 2A border of metal around contact windows but only a 1A
border around the thin oxide regions.

Figure 9.10 shows the horizontal layout and vertical cross section of a minimum-size
NMOS metal-gate transistor with Z/L = 10A/2A = 5/1 at the mask level. The two
diffusions are spaced by a minimum feature size of 2A. Thin oxide must overlap the
diffusions by 1A in the length direction and underlap the diffusions by 1A in the width
direction. Metal must overlap thin oxide by 1A. Accumulated alignment tolerances cause
the minimum width of the gate metal to be 6A. The spacing between metal lines must
be 2A. The metal over the contact holes must be 84 wide because of the alignment
sequence used, and the contact hole must be 1A inside the edge of the diffusion. . The
resulting minimum transistor is 26A in the length direction and 16X in the widthdirection.

A new design rule has been introduced into this layout. The gate metal is spaced 1A
from the diffusion to prevent the edge of a metal line from falling directly on top of the
edge of the diffusion in the nominal layout.

Several observations can be made by looking at this structure. First, note that the
transistor is 416A? in total area, whereas the active channel area of the device is 20A%!
The rest of the area is required in order to make contacts to the various regions, within
the constraints of the minimum feature size and alignment tolerance rules. Second, there
is a substantial area of thin and thick oxide in which the gate metal overlaps the source
and drain regions of the transistor. This increases the gate-to-source and gate-to-drain
capacitance of the transistor. In this metal-gate transistor layout, the channel is defined
by the junction edges in the length direction and by the thin oxide region in the width
direction.

It should also be noted that there are several small contact windows in the source and
drain regions. The usual practice is to make all the contact windows the same size
throughout the wafer. From a processing point of view, equal-size contact windows will
all tend to open at the same time during the etching process.

9.2.2 Polysilicon-Gate Transistor Layout

Transistors fabricated using polysilicon-gate technology have a number of important
advantages over those built using metal-gate processes. We will discover some of these
advantages by looking at the layout and structure of the polysilicon-gate transistor.

The mask sequence for the basic polysilicon-gate process from Chapter 1 is (again
without passivation layer) as follows:

1. Active region (thin oxide) mask  First mask

2. Polysilicon mask Align to level 1
3. Contact window mask Align to level 2
4. Metal mask Align to level 3



;"E
..--"E
1 ~§

g
.-§ ¢
LN ]

A = 4l6ad

L = |
L ) il |

Fig. 9.10 Minimum-size metal-gate transistor with a ZfL ratio of 5/1 using the design rules of
Fig. 9.9. The active gate region is less than 5% of the wtal device area

Some new design rules must be introduced for this process. Polysilicon lines and spaces
will both be a minimum feature size of 2A. The polysilicon gate must overlap the thin
oxide region by an alignment wilerance A. The above alignment sequence reguires LA
polysilicon and 1A metal borders around contacts, However, contact holex should have
a 2A border of thin oxide due 1o tolerance accumulation,
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Figure 9.11 shows the lavout of the polysilicon-gate device with Z/L = 5/1 using
these design rules, The total area is 1684°. The active channel region now represents 12%
of the weal area, compared with less than 5% for the metal-gate device The polysili-
con gate ach as a barrier malerial during source/dran implantation and resolts
“self-alignment™ of the cdge of the gate to the edge of the source/drain regions. Sell-
ahignment of the gatc to the channel reduces the size of the transistor and eliminates the
overlap region between the gate and the source/drain regions. In addition. the size of
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Fig. 9.11 Mmimum-tize polysilicon-gate tansistor layout for Z£/L = 3/1. The sctive gale
region occupies 12% of the tramixtor arca. and parasitic gate capacitance iy minimized
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the transistor is reduced because the source/drain metallization can be placed nearer to
the gate. In the polysilicon-gate layout, the channel is defined by the polysilicon gate
in the length direction and by the thin oxide in the width direction.

A very important side benefit resulting from this process is the third level of inter-
connection provided by the polysilicon. Circuit wiring may be accomplished on the
diffusion, metal, and polysilicon levels in the polysilicon-gate technology.

A design rule concerning edges has again been introduced into this layout. Metal
lines are spaced 1A from the polysilicon gate to prevent the edge of the metal line from
falling directly on top of the edge of the polysilicon line in the nominal layout.

9.2.3 More-Aggressive Design Rules

The design rules discussed so far have focused on minimum feature size and alignment
tolerance. F and T are determined primarily by the type of lithography being practiced.
However, linewidth expansion and shrinkage throughout the process also strongly affect
the ground rules. Expansion or shrinkage may occur during mask fabrication, resist
exposure, resist development, etching, or diffusion. These linewidth changes are nor-
mally factored into the design rules. )

In addition, alignment variation is a statistical process. Worst-case misalignments
occur only a very small percentage of the time. (For a Gaussian distribution, a 3o
misalignment occurs only 2% of the time.) Our set of rules based on worst-case align-
ment tolerances is very pessimistic. For example, assuming that contacts are misaligned
by A in one direction, at the same time that the metal level is misaligned in the opposite
direction by A, results in an accumulated tolerance of 2A . However, this situation would
most probably never occur. .

Let us consider the impact of tightening two design rules in the polysilicon-gate
process. First, we will let the edge of one layer align with the edge of another layer.
Second, a contact window will be allowed to run over onto the field oxide by 1A. The
resulting layout using our polysilicon-gate alignment sequence is shown in Fig. 9.12.
The total area of the device has been reduced 25% to 120A%, and the active channel region
now represents 17% of the total transistor area. We see how ground rule changes can have
a substantial effect on device area.

9.2.4 Channel Length and Width Biases

Figure 9.13 presents another example of the interaction of the process with design-rule
definitions. Here we will assume a metal-gate process in which the source/drain junction
depth is equal to A and lateral diffusion equals vertical diffusion. Since we know that the
source/drain diffusions will move laterally under the edge of the oxide openings, the
contact windows can be aligned with the edge of the diffusions at the mask level but will
still be 1A within the border of the diffusion in the final structure.

However, lateral diffusion requires the length of channel at the mask level to be
doubled to achieve the same electrical channel length in the device. The actual channel
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Fig. 9.12 More aggressive layout of the polysilicon-gate transistor in which two ground rukes
have been relaxed. Active galc arca is now 17% of ol device arca.

length L = L, — AL, where L_ is the channel length as originally drawn on the mask
and AL is the channel-length shrinkage which occurs during processing. This is an
important area where the process must be controlled. For devices with short channel
lengths, AL may be s0 severe that the devices become unusable. For the metal-gate
layout of Fig, 9.13, Zo/L. = 4A/4A = 1/1 at the mask level_and Z/L = 4A /24 =
2/1 in the fabricated transistor,

The development of self-aligned polysilicon-gate technology with ion-implanted
source/drain regions was a major improvement. The polysilicon-gate process climinates
most. bat not all, of both the channel shrinkage cavsed by lateral diffusion and the
overlap capacitance resulting from alignment tolerances in the metal-gatle process.

In Fig. 911, one can see another source of channel bias. The "bird's beak™ reduces
the size of the active region to below that defined by the active region mask, and it
introduces a process bias into the channel width of the polysilicon-gate transistor.
£ = Z. — AL, where Z_ is the width at the mask level and AZ 15 the channel-width
shrinkage dunng processing.
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Fig. 9.13 Channel-length buss m a metal-gate NMOS device caused by lateral diffusion under
the edge of the diffusion window_ The transistor has 2/f. = 1/1 a1 the mask level but ends up with
an actual Z/L = 2/ ufter the device is fabricated. Layout of the contact position ix hased on
knowledge of the lateral diffusion which occun during processing.

In sets of very tight design rules developed for high-volume-production 1Cs, all
citical dimensions are adjusted o account for the processing and alignment sequences.
Thus often results in a layout which must conform 1o a set of 50 to 100 design rules.!
Such a set of design rules is highly technology-specific and cannot be transferred from
one generation of lithography 10 the next. The Mead-and-Conway-style rules™ reach a
compromise between a set of nules which is overly pessimistic and wastes a lot of silicon
area, and one that is extremely complex but squeszes out all excess ared. The Mead-and-
Conway-style design rules are being used for low-volume ICs in which design time, and
not silicon ares, is of dominant importance.

9.3 COMPLEMENTARY MOS (CMOS) TECHNOLOGY

The basic CMOS process of Fig. 1.5 requires a p-well diffusion and formation of both
NMOS and PMOS transistors. Substrate resistivity is chosen o give the desired PMOS
characteristics, and an additional implant step may be introduced to adjust the PMOS



8.3 COMPLEMENTARY MOS (CMOS) TECHNOLOGY 191

threshold separately. The p-well-to-substrate junction may range from a few microns to
as much as twenty microns in depth. The net surface concentration of the p-well must
be high enough above the substrate concentration to provide adequate process control
without severely degrading the mobility and threshold voltage of the NMOS transistors.
The surface concentration of the p-well typically ranges between three and ten times the
substrate impurity concentration. An additional implant step is often introduced to adjust
the NMOS threshold voltage.

Parasitic bipolar devices are formed in the CMOS process in which merged pnp and
npn transistors form a four-layer ( pnpn) lateral SCR, as shown in Fig, 9.14. If this SCR
is turned on, the device may destroy itself via a condition called latchup.'®* The p-well
depth and the spacings between the source/drain regions and the edge of the p-well must
be carefully chosen to minimize the current gain of the bipolar transistors and the size
of the shunting resistors R, and R,,. A CMOS process will have a number of additional
ground rules which are not present in an NMOS or PMOS process. A more detailed
discussion of the design of bipolar transistors will be given in Chapter 10.

In order to reduce the resistance of the two shunting resistors, “‘guard ring” diffusions
are sometimes added to the process, as in Fig. 9.14. Guard rings can be formed using
the source/drain diffusions of the PMOS and NMOS transistors or can be added as

Guard Guard
nng nngs

! G Vs Vo G2
N~— —
—1___I ] [ [ LT

p+ I<— n* " = uij Pt
R,
<

A | N Voo

p-well

R
n-substrate

'VSS
Fig. 9.14 Cross-section of a CMOS structure, showing the existence of a parasitic lateral pnpn
SCR and the use of guard rings to reduce the value of R, and R..
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separate diffusion steps. Recent CMOS processes have used an n-well version of this
technology, which permits optimization of the NMOS devices fabricated in the original
substrate.

Twin-well processes, such as in Fig. 9.15, permit separate optimization of both
NMOS and PMOS devices."” A lightly doped n- or p-type epitaxial layer is grown on
a heavily doped n- or p-type substrate. (Lightly doped n- and p-type regions are often
referred to as v and 7 regions, respectively.) Separate implantations and diffusions are
used to form wells for both the NMOS and PMOS transistors. The low-resistivity
substrate substantially reduces the substrate resistance R, and improves latchup re-
sistance.

Example 9.2: A CMOS process uses an n-type substrate with a doping of 10"*/cm’. An
implant/drive-in schedule will be used to form a p-well with a net surface concentration
of 4 X 10'*/cm? and a junction depth of 7.5 um. (a) What is the drive-in time at 1150 °C?
(b) Solve for the implanted dose in silicon. (¢) What are the threshold voltages of the n-
and p-channel transistors if the oxide thickness is 50 nm?

Solution: The 7.5-um junction depth and low surface concentration suggest that the well
has a Gaussian profile resulting from a two-step diffusion or implant/diffusion process. A
final surface concentration of 5 X 10'*/cm’ is required to produce a net concentration of
4 X 10" /cm® at the surface. Solving for the Dt product yields

Dt = x2/2 In(No/Ns) = 8.74 X 10~ cm?

At 1150 °C, D = 8.87 X 107" cm?/sec, which gives ¢ = 27.5 h. The dose in silicon is
given by Q = NoV oDt = 2.62 X 10"*/cm?. The p-channel devices reside in the n-type
substrate with a doping concentration of 10'*/cm®. From Fig. 9.2, the threshold voltage will
be —0.95 V. The deep well diffusion will be almost constant near the surface with a value
of 4 x 10'*/cm®. Figure 9.2 yields an n-channel threshold of 0.2 V. A threshold adjustment
implant would be needed in this process to increase the n-channel threshold voltage.

9.4 OTHER MOS STRUCTURES

Chemical etching techniques may be used to crystallographically etch silicon. A solution
of KOH, water, and alcohol''! etches the (100), (110), and (111) crystal planes at relative
rates of 40:30: 1. This etch may be masked by silicon dioxide or silicon nitride and can
be used to etch cavities and V-shaped grooves in (100) silicon (Fig. 9.16).

VMOS technology!? makes use of the grooves to reduce the channel length and
increase the Z/L ratio of the MOS transistor. A basic VMOS process is shown in
Fig. 9.17. The channel is formed along the four sides of the groove, and the channel
length is determined by the thickness of the epitaxial layer and the diffusions. At the time
VMOS was invented, channel lengths achievable with this technology were much shorter
than those that could be achieved with normal planar technology, because the epitaxial
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Fig. 9.15 Twin-well CMOS structure al several stages of the process, (a) e-well jon implant;
(b} p-well implant; (c) nonselective p~ source/drain implant; (d} selective n” sourcerdrain im-
plant using photoresist mask; {e) final structure. Copyright 1980 I[EEE, Reprinted with permission
from ref, [10].
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Fig. 9.16 Groove formation in the surface of (100) silicon using anisotropic etching of silicon.
(a) Top view; (b) cross section; (c) use of a groove in the formation of a VMOS transistor.
Copyright 1977 IEEE. Reprinted from ref. [12] with permission.

layer thickness was not limited by lithographic dimensions. Present-day MOS power

transistors have improved and expanded the use of the ideas of the original VMOS
structure.!?!

9.5 SUMMARY

In this chapter we have explored the interaction of process design with MOS device
characteristics and transistor layout, including the relationships between processing
parameters and breakdown voltage, punch-through voltage, threshold voltage, and junc-
tion capacitance. A low value of substrate doping is desired to minimize junction
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etch and oxide growth; (¢) metallization and pattern definition. Copyright 1978 IEEE. Reprinted
with permission from ref. [17].
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capacitance, substrate sensitivity, and junction breakdown voltage, whereas a high sub-
strate doping is needed to maximize punch-through voltage. The use of ion implantation
permits the designer to separately tailor the threshold voltage of the transistor.

We have developed basic ideas relating minimum feature size and alignment toler-
ances and have discussed simple sets of layout design rules. The strong relation between
layout design rules and the size of transistors has been demonstrated. Polysilicon-gate
technology has been shown to result in a much smaller device area than metal-gate
technology for a given transistor Z/L ratio as well as to minimize the parasitic gate ca-
pacitance of the device. In addition, the polysilicon-gate process substantially reduces
channel-length bias caused by lateral diffusion.

A combination of ion implantation and diffusion is commonly used to form the p- or
n-well required for CMOS technology. VLSI CMOS often uses twin-well processes
which permit separate optimization of both the n- and p-channel devices.
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PROBLEMS

9.1 What is the maximum gate-to-source voltage that a MOSFET with a 10-nm gate oxide can
withstand. Assume that the oxide breaks down at 5 MV/cm and that the substrate voltage is zero.

9.2 Two n* diffused lines are running parallel in a substrate doped with 10'* boron atoms/cm’.
The substrate is biased to —5 V, and both lines are connected to +5 V. Using one-dimensional
junction theory, calculate the minimum spacing needed between the lines to prevent their depletion
regions from merging.

9.3 Use one-dimensional junction theory to estimate the punch-through voltage of a MOSFET
with a channel length of 1 um. Assume a substrate doping of 3 X 10'*/cm® and a substrate bias
of 0 V.

9.4 Calculate the threshold voltage for the NMOS transistor with the doping profile shown in
Fig. P9.4. Assume an n* polysilicon-gate transistor with a gate-oxide thickness of 50 nm.
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9.5 An n-well CMOS process starts with a substrate doping of 3 x 10"/cm®. The well doping
near the surface is approximately constant at a level of 3 x 10"*/cm®. The gate-oxide thicknesses
are both 40 nm.

(a) Calculate the thresholds of the n- and p-channel transistors using egs. (9.2).

(b) Calculate the boron doses needed to shift the NMOS threshold to +1 V and the PMOS
threshold to —1 V. Assume that the threshold shifts are achieved through shallow ion im-
plantations. Neglect oxide charge.

9.6 High-performance NMOS logic processes use depletion-mode NMOS transistors for load
devices. This requires a negative threshold which can be obtained by implanting a shallow arsenic
or phosphorus dose into the channel region. Calculate the arsenic dose needed to achieve a —3-V
threshold in an n* polysilicon-gate NMOS transistor which has a substrate doping of 3 x 10'*/cm®
and a gate-oxide thickness of 50 nm.

9.7 Draw a composite view of the situation resulting from a worst-case misalignment of the
masks for the MOSFET layout shown in Fig. 9.10. Assume metal aligns to thin oxide, and thin
oxide and contacts align to the diffusion.

9.8 Develop a new set of ground rules for the metal-gate transistor of Section 9.2, assuming that
levels 2, 3, and 4 are all aligned to level 1. Redraw the transistor of Fig. 9.10 using your new rules.
In what ways is this layout better or worse than that originally given in Fig. 9.10?7

9.9 Draw a cross section of a metal-gate NMOS transistor and a composite view of its mask set,
assuming an aggressive layout which takes into account all lateral diffusion. Assume a source/drain
junction depth of 2.5 um and assume that lateral diffusion equals 80% of vertical diffusion.
Assume A is 2 wm and Z/L = 10/1.

9.10 Draw the layout of a three-input NMOS NOR-gate with the dimensions given on the circuit
schematic in Fig. P9.10. Be sure to merge diffusions wherever possible. Use the more aggressive
ground rules developed for polysilicon-gate devices.

Voo

i

Fig. P9.10

9.11 Our design rule examples used an alignment tolerance which was one-half the feature size.
This ratio represents a very loose alignment capability. Develop a new set of design rules similar
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to those of Fig. 9.11 for T = a and F = 4a. Draw the new minimum-size polysilicon-gate

transistor using your rules. Compare the area of your transistor with the area of the transistor of
Fig. 9.11 if A = 2a.

9.12 An implant with its peak concentration at the silicon surface is used to adjust the threshold
of an NMOS transistor. We desire to model this implant by a rectangular approximation similar
to that of Figure 9.5. Show that N; = N,7/4 and x; = AR,V8/7 by matching the first two -
moments of the two impurity distributions.

9.13 A number of types of alignment test structures have been developed.™'*! Figure P9.13
shows a simple test structure which can be used to measure the misregistration of the contact
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window mask relative to the diffusion mask.!"® Two linear potentiometers, one in the horizontal
direction and one in the vertical direction, are fabricated using diffused resistors. The distance
between contacts A and C is the same as that between C and E, and the contact from pad D is
nominally one-half the distance between pads C and E. A current is injected between pads B and
F, and the voltages between pads C-D and D-E are measured.

(a) Show that the misregistration in the y direction is given by AY = V2 L (Vpg — Vep)/Vac-

(b) Derive a similar relationship for misregistration in the x direction.





