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age.

2. ‘‘Device–Device’’ Isolation. Normally referred to as lat-
eral isolation, the field oxide controls surface leakage
effects; that is, it stops the leakage paths between ac-
tive components.

Device Device

3. ‘‘Device Interconnect’’ Isolation. Metal lines which con-
nect the devices to make up electrical circuits need to
be isolated, which means no current should flow be-
tween them, but one cannot eliminate the capacitive
coupling.

ISOLATION

The definition for ‘‘electrical isolation’’ in a typical
encyclopedia/dictionary would be something like ‘‘physical
and electrical separation of the parts of an electrical circuit to
prevent interference currents within or between the parts.’’
While this definition is correct, isolation is a highly complex
subject that needs to be described within the context of
the technology being discussed. In this article we will con-
sider isolation within the world of microelectronics, more 4. Isolation Within a ‘‘Circuit.’’ Unwanted coupling of the
specifically in the area of silicon very large scale integration devices through the substrate within a tub or between
(VLSI). two tubs.

The integrated circuit (IC) was invented by Kilby (1) in
1958. The first ICs were phase shift oscillators and flip-flops,
fabricated in germanium substrates. The individual devices
in these circuits were laterally isolated mesa structure, which
is no longer used. Over the subsequent 40 years, isolation
technologies were developed, and integrated circuits evolved
into complex electronic circuitry containing millions of devices
on a single piece of silicon, routed using many layers of in-
terconnect metalization.

Within VLSI, isolation has various meanings depending
upon the interaction between the different components. As

5. Isolation Between ‘‘Circuit Blocks.’’ The coupling be-sketched in the following, we will begin discussing isolation
tween sub-circuit blocks fabricated on the same sub-with individual devices and then proceed through the differ-
strate can give rise to noise in the more sensitive com-ent components as the level of integration increases up to and
ponents of a circuit.including isolation issues in complex systems such as mixed

digital/analog circuits.

1. Isolation Within a ‘‘Device.’’ In individual devices, typi-
cal isolations are as follows: gate dielectric, which is an
insulator, yet its role is regulating the channel between
the source and the drain contacts, and junction isola-
tion, whose isolation is created by a reverse bias volt-
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Figure 1. (a) Schematic representation of
a p–n junction. (b) Junction I–V charac-
teristics, illustrating forward and reverse
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Isolation in integrated circuits are of insulating, p–n junction, MOSFET Isolation
or a mixed type. The gate electrode in a metal-oxide-semicon-

Complementary metal–oxide–semiconductor (CMOS) tech-
ductor field-effect transistor (MOSFET) and the various levels

nology, with its inherently low static power consumption, has
of interconnect (wiring) are isolated by insulating dielectrics/

become dominant in VLSI applications.
oxides. The source/drain junctions are isolated from the sub-

MOSFETs are built in Si substrates. A MOSFET is a four-
strate by the depletion layer formed between two oppositely

terminal device including gate, source, drain, and substrate
doped regions. The lateral isolation between devices, on the

(Fig. 2). Voltage applied to the gate controls the charges in
other hand, is provided by the combination of an oxide and a

the channel region. The gate electrode is isolated from the
chemical doping underneath the oxide to prevent formation of

channel (substrate) by a dielectric/oxide through which no
an inverted surface and its electrical path.

current should flow.
To visualize the importance of isolation, consider a VLSI

The source and drain (S/D) terminals make the connection
circuit that has one million transistors. If each transistor pro-

to this conducting channel and provide the input and output
duces 1 �A leakage, the total power dissipation for the entire

terminals. The S/D areas are regions doped heavily opposite
chip would increase on the order of a few watts.

to the substrate. They are isolated from the substrate by junc-
We will cover the different types of isolation and how they

tion isolation. Likewise the channel area is isolated from the
will apply to the different areas of IC technology in the follow-

substrate by the depletion region formed between the channel
ing order: (1) intradevice, (2) interdevices, (3) between metal

and the substrate. The substrate is the fourth terminal
lines, (4) within subcircuits, and (5) between subcircuits.

through which a bias can be applied. The gate oxide and the
These will be discussed in the field of Si ICs. The extrapola-

S/D junctions are the main isolation areas within a MOSFET.
tion to III–V materials is straightforward.

Gate Oxide. Perhaps the most critical element in a MOS-
FET is the gate dielectric, which in silicon technology is oftenISOLATION IN DEVICES
silicon dioxide (SiO2). SiO2 layers on Si can be formed by vari-
ous methods, such as deposition, but the most often used tech-Diode/p–n Junction Isolation
nique is thermal oxidation of Si. SiO2 is a very stable oxide.

Most semiconductor devices incorporate both p- and n-type
regions. The n region, a semiconductor doped with electron
donors, is characterized by the fact that it contains a large
number of electrons. Similarly the p-region, doped with elec-
tron acceptors, contains a large number of holes. At the junc-
tion between two oppositely doped semiconductors, as shown
schematically in Fig. 1(a), electrons and holes flow out; estab-
lishing an electric field which keeps the holes in the p-region
and the electrons in the n-region. The region thus formed is
depleted from charge carriers.

It is the junction between these regions that leads to the
useful electrical characteristics of diodes. Diodes permit the
passage of electric current in only one direction. As indicated
in Fig. 1(b) when a negative voltage is applied to the n region
a current begins to flow (forward bias). In contrast, when a
positive voltage is applied to the n region, the current drops
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by 6 orders of magnitude. Eventually when the positive volt-
age is large enough, current does begin to flow again (junction Figure 2. The basic elements of a MOSFET, illustrating the various
breakdown). The reverse bias situation is what provides the iso- isolation areas: gate dielectric, S/D and channel depletion regions,

and the lateral isolation.lation.
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It provides the basic feature for the planar Si technology. The rise to leakage currents which can be detrimental to circuit
operation.advent of thermally oxidized silicon increased the feasibility

of fabricating field-effect transistors (2), which is responsible Fabrication of shallow p�–n junctions is particularly diffi-
cult, because of boron channeling and fast diffusion. Variousfor the fact that metal-oxide-semiconductor (MOS) transistor

has become the most important device in ICs. SiO2 gate oxide, techniques such as silicided junctions and raised junctions are
being used to address the shallow junction problem (4).along with its interface with Si, has been studied and charac-

terized in great detail (3). They are still the subject of intense
studies because the fabrication of thinner oxides is necessary Bipolar Isolation
for device scaling (4).

Bipolar transistors were used in the first integrated circuits.In order to improve the device performance for advanced
A bipolar is also a four-terminal device: the emitter, the base,technology, gate oxide has been scaled aggressively. While
the collector, and the substrate. It is made of two p–n junc-gate oxide thickness for a 1.0 �m technology is about 15 nm,
tions (the emitter–base and the collector–base junctions) init needs to be reduced to 3.0 nm or smaller for the 0.13 �m
very close proximity, with the region between the two beingtechnology. The ultrathin gate oxides are more susceptible to
the base. External voltages and currents can be applied toincreased leakage, tunneling, and reliability issues. They are
each of the terminals. In an n–p–n bipolar transistor, shownalso sensitive to process-induced damage, because of the elec-
in Fig. 3, the base region consists of (1) a p-type region cre-trical connection to interconnects, and charging up during
ated in a lightly n-doped epitaxial layer and (2) a n�-dopedvarious processing steps (5).
layer beneath the n-epi layer. Junction isolation is the princi-There are two major challenges as gate oxide thickness de-
ple isolation mechanism in a bipolar. It is used for isolatingcreases: (1) The gate leakage current through the gate oxide
the three (emitter, base, and the collector) regions from eachincreases significantly, and (2) boron penetration from p�-poly
other.gate used in surface-channel p-MOSFETs increases signifi-

High-performance bipolar n–p–n transistors require acantly.
heavily doped buried n�-layer, or subcollector, to lower theNitrided oxides have been proposed as an alternative gate
collector series resistance underneath the thin epitaxial col-dielectric for VLSI technologies. Nitrogen incorporation re-
lector region. This collector region requires additional junc-tards the oxidation rate, making the growth of thin oxides at
tion isolation which consists of a p-type region formed in anstandard oxidation temperature possible. Also their resis-
n-type substrate, surrounding the device region.tance to boron penetration is an important scaling benefit

compared to conventional oxides. Nitrogen can be incorpo-
rated in the oxide in a number of ways—for example, by INTERDEVICE ISOLATION
growing the oxide in a nitrogen-containing atmosphere (4,6),
or by implanting N into the Si prior to oxidation (4). Lateral isolation has to provide sufficient device-to-device iso-

In general, gate oxide yield and reliability is the most im- lation within specific circuit requirements. The key challenge
portant issue for the VLSI circuits. in the IC technology is reducing dimensions, which makes the

lateral isolation very critical.
Isolation processing needs to fulfill the following criteria:Source/Drain Junctions. The source and drain regions of

transistors are isolated by the depletion layer between the (1) It has to be scaled properly in order to take full advantage
of the device miniaturization, and (2) the isolation processdoped junctions and the substrate, which is of the opposite

charge. Their isolation mechanism is much like the junction should be manufacturable and have high yield.
The isolation processing, which takes place prior to the de-isolation in diodes, which was already discussed in a previ-

ous section. vice processing, should have no negative impact on the device
properties. A serious consideration, which is not readily obvi-In VLSI, junctions are formed by implanting dopants into

the S/D areas. A thermal cycle is then used to activate the ous, is the impact of the isolation processing on the silicon
where the thin gate oxide will be grown. It is imperative thatdopants and to drive the junctions beyond the area damaged

by the implantation. Device miniaturization requires shallow the gate-oxide integrity be ensured. The gate oxide along the
borders of the active zone is particularly important (7). Thejunctions. In the case of shallow junctions, if proper care is

not taken, then the processing damage (dislocations, defects, transistor subthreshold double-hump effect is another prob-
lem with some of the isolation technologies; an additionaland impurities), will lie within the depletion layer. This gives

Figure 3. The basic elements of a bipolar,
illustrating the oxide and junction isola-
tions. ��
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5(a)]. Although this grow-and-etch technique allows the isola-
tion region to be sharply defined, the fact that the field oxide
steps are high and have sharp upper corners has prevented it
from being utilized in the VLSI applications. The sharp and
high corners result in poor step coverage at the subsequent
metal-interconnect processing.

LOCOS. The most popular technique for lateral isolation
is LOCOS, an acronym for LOCal Oxidation of Silicon (9).
Conventional LOCOS and its derivatives have been remark-
ably successful in meeting device isolation requirements for
MOS technologies developed and manufactured over the past
quarter century. Reasons for the longevity of LOCOS-based

���n+ n+

Parasitic field
oxide

FOX

Chan-stop
approaches are its use of relatively simple and well-controlled
process steps and the fact that the MOSFET scaling has goodFigure 4. Two n-channel MOSFETs and the field oxide parasitic
synergistic requirements with the isolation, such as shallowtransistor, made by the polysilicon gate runner above the field oxide.
junctions and high tub doping. LOCOS forms a semirecessed
oxide in the field areas of the substrate [Fig. 5 (b)]. In VLSI a
thin layer of oxide (about 10 nm to 30 nm) is thermally grown

problem is the presence of the parasitic channels along the on the silicon wafer, followed by the deposition of a relatively
‘‘side-wall edges’’ under the gate which give rise to subthresh- thick layer of silicon nitride (about 150 nm to 300 nm) form-
old leakage. ing the LOCOS stack. The field regions are defined with a

In early bipolar integrated circuits, junction isolation was lithographic step; depending on the technology, either photo,
the main isolation scheme for device–device isolation. Excel- deep ultraviolet (DUV), or e-beam lithography is employed.
lent lateral isolation can be achieved by using junction isola-
tion; however, junction isolation requires large areas com-
pared with the dielectric isolation, and it introduces large
parasitic capacitance. Bipolar technology now employs an ox-
ide-based isolation much like the MOS technology, discussed
below.

MOS transistors are isolated as long as the surface of the
silicon is inverted under the gate and the S/D are in reverse
bias condition. They do, however, consume power through un-
wanted leakage in their ‘‘off ’’ state. In the region between
MOSFETs, without adequate lateral isolation, the surface of
the silicon can be inverted and provide a leakage path.

In the MOS circuits, isolation between two devices is pro-
vided by a thick oxide called the ‘‘field oxide’’ (FOX). The com-
plication that arises in this type of isolation is that often a
poly-line runs between two transistors as illustrated in Fig.
4, under the poly-gate between the MOSFETs parasitic tran-
sistor forms.

If the threshold voltage of the parasitic transistor is too
low, an inversion layer can form between the n� regions of
the individual transistors and tie them together. The thresh-
old voltage (Vt) and punch-through of the parasitic FOX
should be high enough to prevent leakage according to the
circuit requirements. This can be accomplished by using a
heavily doped Si layer (channel stop) underneath. Two meth-
ods are typically used to increase FOX Vt: increasing the FOX
thickness and raising the doping beneath the field oxide.

Field Oxide Structure

The field oxide can be formed in a number of ways, some of
which are discussed below. For a comprehensive review see
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Figure 5. Schematic of three lateral isolation techniques: (a) oxide
is grown everywhere and windows are opened; inside the windows the

Oxide Grow-and-Etch. In the first approach (used until devices are made. (b) Device areas are masked and a local oxidation of
about 1970), the oxide is grown to the desired thickness on a the isolation area is performed. (c) Trenches are cut around the device

areas and then filled with an oxide.flat silicon surface and then etched in the active regions [Fig.
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In the older technologies a channel stop implant was used isolation scheme a viable isolation technique again (12,13).
FOX cannot, however be made too thin since it can increasein the field oxide areas prior to the FOX growth. This had a

number of problems associated with it (see section entitled the capacitance of the polysilicon runners on the field oxide
to the substrate.‘‘Isolation Doping’’.

The field oxide is grown selectively in the field oxide re-
gions (not masked by the nitride layer) at high temperatures Trench Isolation. Shallow trench isolation (STI) combined
of 950�C to 1100�C. Field oxide forms a semirecessed oxide in with chemical mechanical polishing (CMP) planarization is
the Si, with slightly more than half of it protruding above the becoming an important isolation scheme for 0.20 �m devices
silicon surface. The SiO2 above the Si layer is partially re- and smaller, mainly due to its scalability and planar topogra-
moved during the subsequent etch steps, resulting in less to- phy (14). The trench isolation scheme is more complex than
pography. LOCOS, but it offers less topography and smaller BB [Fig.

Silicon nitride is an effective oxidation barrier because oxy- 5(c)].
gen and water vapor diffuse very slowly through it, thus pre- In the trench/refill process, after defining the active device
venting oxidizing species from reaching the silicon surface un- areas, as described above for LOCOS, the field areas are filled
der the nitride. However, since the oxidants can diffuse with glass/oxide, instead of thermally growing the oxide on
through the pad oxide at the edges of the nitride, some oxide Si. In this process, trenches (0.3 �m to 3.0 �m deep, de-
is also grown under the edges, thereby resulting in the FOX pending on the application) are anisotropically etched into the
encroachment and ‘‘bird’s-beak’’ (BB) formation which results silicon substrate in the field areas. This is followed by a mini-
in transistor width loss [see Fig. 5(b)]. In order to reduce the LOCOS oxidation, which rounds the top of the trench corner.
BB, in principle, the thickness of the pad oxide can be de- The mini-LOCOS oxide is etched away and a CVD oxide is
creased. However, because of the stress that the nitride has deposited onto the wafer surface. Following this, the topogra-
on the Si, the amount of reduction is very limited. phy of the CVD oxide is removed by a chemical mechanical

Another shortcoming of LOCOS is that less oxide is grown polish.
in the narrow-field regions, the so-called ‘‘FOX thinning’’ (10), The dielectric material used to fill the trenches is one of
as compared with the wide-open areas. As a result the thresh- the key parameters in making STI successful. The material
old voltage of parasitic transistors in small geometries is re- criteria are as follows: gap-filling of narrow trenches, HF etch
duced, causing conduction between devices. rates in field and gaps, moisture absorption, film stress and

After the LOCOS stack removal, a thin oxide is grown in shrinkage due to thermal cycles, and CMP polish rates. The
the active device areas. This oxide is used as a sacrificial trench corner engineering to achieve a smooth top corner is
(clean-up) oxide prior to the gate-oxide growth, and it also another important factor (e.g., with sloped trench etch and
serves as the screen oxide for the channel implants. corner rounding oxidation) for gate-oxide integrity and to pre-

Modified LOCOS Isolation Schemes. For use in more ad- vent transistor threshold double hump.
vanced technologies, many variations of LOCOS have been
suggested, to limit the field oxide encroachment and/or reduce Isolation Doping
FOX topography, but few have been accepted in production

For a high enough Vt to sustain the isolation, the doping be-environment. Some of these LOCOS derivatives are as
neath the field oxide should be raised. In the older technolo-follows:
gies, ion implantation (channel stop implant) prior to the FOX
growth was used to accomplish this. The disadvantage of this1. Poly buffer LOCOS (PBL) (11), perhaps the most widely
technique is the lateral diffusion of the dopants under theused derivative of LOCOS, is a modified LOCOS isola-
field oxide, due to the long, high-temperature cycle for thetion in which a thin poly layer is inserted between the
FOX growth which gives rise to narrow width effect.pad oxide/nitride stack. This helps reduce the FOX en-

In addition in a CMOS process, an extra lithography stepcroachment (by allowing the use of a thinner pad oxide
is needed to shield either n- or p-tub regions from the wrongand/or thicker nitride), without increasing the stress of
implant, adding to process complexity.the nitride on the silicon.

With the scaling of devices the thickness of the FOX has
2. Fully recessed LOCOS achieved by an anisotropic over- also been reduced, making it possible for the channel stop

etch into the Si at the active area definition is also an dopants to be implanted after the FOX growth (15), resulting
attractive alternative, because of the resulting reduced in improved device isolation (16). This can be done in the
topography at the gate lithography, but it results in sig- standard diffused tubs at the same lithography as the thresh-
nificant FOX encroachment. old voltage adjust implant or by employing the high-energy

3. In the sealed-interface local oxidation (SILO) technique implant (HEI) tub process described below.
a thin layer of nitride is deposited on the Si surface be-
fore depositing the pad oxide in order to seal the lateral Profiled Tubs Using High-Energy Ion Implantation. The pri-
diffusion of the oxidants under the BB. This technique mary advantage of the HEI tub is that the tub and channel
has the possible drawback of increasing the gate oxide stop dopants do not experience the large tub drive and FOX
defects at the isolation edge. growth thermal cycles. Conventional tubs are formed by im-

planting dopants and diffusing them to the desired depth.
However, the dopants diffuse laterally as well as vertically,With the scaling of device dimensions, and in particular the

supply voltage, the required FOX thickness has also been re- which reduces packing density. If a high-energy implant is
used to place the dopants at the desired depth without furtherduced. With a thinner field oxide thickness, BB is shorter and

the FOX thinning is reduced, making the ‘‘standard’’ LOCOS diffusion, much less lateral spread will occur (16–18). This
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tub engineering results in a profiled tub, instead of a uni- delay. While the total circuit delay is dominated by the intrin-
sic gate delay for metal widths and spacings greater than 0.3formly doped tub, with optimized latchup immunity, isolation,

and transistor characteristics. �m, it is largely determined by delays in the metal intercon-
nects for metal features below about 0.2 �m. It is essential toIn terms of processing ease, the HEI tubs are much supe-

rior to the conventional tubs. A conventional tub may require reduce the interconnect capacitance in order to maintain the
trend of low delay time, power consumption, and noise. Theup to four additional levels of lithography, along with a tub

drive which not only is costly, but has risks associated with it. metal interconnect delays are associated with dramatic in-
creases in line-to-line capacitance as the spaces between linesBecause the dopants are implanted in the correct depth,

the HEI-tub process does not require a long, high-tempera- is decreased in the sub-quarter-micron regime. The total line
capacitance is the sum of Cv (vertical or interlevel capaci-ture tub drive. Also the isolation process is done prior to dop-

ant implants, and thus the dopant profiles are not affected by tance), and Cl (lateral or interline capacitance). It is worth
noting that while Cl grows as the design rules shrink, thethe isolation thermal cycles. The implants are activated with

a moderate anneal cycle which minimizes dopant diffusion. decrease in the ILD thickness (hence increase in Cv) is slower
because of processing and reliability issues.Often the gate-oxide growth thermal cycle is sufficient for the

dopant activation. The standard ILD material is deposited SiO2, with dielec-
tric constant of 3.9. Lowering the dielectric constant of the
ILD can be a solution to this problem. Doping with fluorideIsolation Simulations. Process simulations have contributed
lowers dielectric constant considerably (�3.5). Also organic,to a better understanding of device physics and to the devel-
low-k dielectric materials such as polyimides (which can haveopment of new processing techniques. This is also true for
dielectric constant below 3) and porous material (with dielec-isolation, but to a lesser degree. These simulations have been
tric constant below 2) have attracted much attention (24).most commonly performed for LOCOS due to its process sim-

These dielectric layers must have low capacitance, lowplicity and a greater applicability in IC technology. The as-
leakage, and high dielectric breakdown field strength. In ad-pects of LOCOS, which are useful to simulate, are the me-
dition to the performance considerations, they must be com-chanical features such as oxide thickness (19), shape of the
patible with standard IC fabrication steps in terms of adhe-BB and stress in the Si (20), and the dopant profile.
sion to the substrate, thermal budget and stability, andThe oxide growth simulation is based on the known physi-
various chemical etches used to make via holes or strip thecal effects such as diffusion, oxidation, viscoelastic flow of ox-
resist. The deposition temperature, step coverage and gap fillide, and so on, as summarized below (21).
capability, CMP properties for planar architecture, and con-In thermal oxidation, oxidant from the gas phase diffuses,
taminants and defects which affect the processing yield arein the form of O2 molecules, through the SiO2 network toward
also critical issues.the interface to react at the interface and form new SiO2 ma-

It is also worthwhile to note that while for the second andterial. This growth is accompanied by a large volume in-
higher-level dielectrics the presence of Al limits the pro-crease. At sufficiently high temperatures, the reaction is
cessing temperatures to below 450�C, the first-level dielectricaided by viscous flow of the oxide film toward the surface. For
which isolates the devices from the first-level metal can betemperatures below 960�C, oxides exhibit viscoelastic behav-
deposited or flowed at relatively high temperatures (800�C).ior (22), while at temperatures below 600�C the elastic
Hence, the material and the processing for the first ILD canmodel holds.

With device sizes shrinking, more sophisticated process be different from others. Also note that using certain barriers
simulations such as done in Ref. 23 are required to predict deposited between the metal and the junction is needed to
the accurate shape of the oxide, the stress distribution, and prevent junction spiking.
the three-dimensional effects, such as center effect and mask-
lifting effect. However, in order to ensure optimal control of
the technological oxidation process, yet more accurate and ro- INTEGRATED CIRCUIT ISOLATION
bust oxidation models are needed.

n-MOS and p-MOS

The first MOS ICs were built in the mid-1960s using p-chan-INTERCONNECT ISOLATION
nel transistors. This was despite the problems with p-MOS
devices such as (1) a Vt of �4 V which required a VDD of �12Isolated devices fabricated within the substrate need to be
V and (2) the low mobility. NMOS circuits with higher mobili-connected through specific electrical paths to form the electri-
ties and a Vt of about 1 V, which was compatible with thecal circuits. The connection is done using high-conductivity
existing 5 V bipolar technology, were not made until thethin-film structures which are fabricated on an insulator
mid-1970s.above the Si surface and which make contact to the devices

The two major problems, which needed to be resolved be-through small openings (contact holes) made in the insulator.
fore n-MOS ICs could be manufacturable, were both dielec-In most circuits, more than one level of interconnect is used,
tric- and isolation-related. One was the positive or fixedup to five or six levels. These levels are separated from one
charges beneath the gate oxide which caused inversion evenanother by dielectric layers called interlevel dielectrics
at zero applied voltage, and the other was boron depletion(ILDs).
under the field oxide, making it difficult to isolate n-channelWith the continued scaling of the devices, the interconnect
devices. Understanding the gate oxidation issues, along withtechnology becomes more compact and more complicated. One
the introduction of ion implantation in MOS technology forof the consequences of the higher packing density is the in-

crease in the line capacitance which increases both power and the channel stop, was critical in NMOS IC development.
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Another obstacle for the MOS IC technology was the lat- ISOLATION BETWEEN SUBCIRCUIT BLOCKS
eral isolation topography inherent to the oxidation-etch tech-
nique, combined with the difficulty that it caused for the sub- In addition to being a mechanical support, the substrate is

the ‘‘insulating’’ barrier between the different components insequent metalization. The advent of LOCOS in the mid-1970s
with the smoothly tapered edges and smaller topography an IC. However, not being a true insulator, if it is not properly

designed and processed, then the substrate will become a me-helped the device integration enormously.
MOS lateral isolation considerations are as follows: para- dium for excess ac and dc current flow. It could give rise to

problems of leakage, latchup, crosstalk, and so on. Devicessitic FOX transistor leakage and threshold voltage, FOX spac-
ing, FOX encroachment, transistor subthreshold kink effect, with dynamic nodes, most notably dynamic random access

memories (DRAMs), are particularly sensitive to excessand gate-oxide integrity.
leakage.

Conventional bulk silicon substrate is doped lightly (aboutCMOS
1015 atoms/cm3) to minimize junction capacitance and to re-

Complementary MOS (CMOS) circuits, by virtue of integrat- duce the transistor threshold voltage sensitivity to the back
ing both n-MOS and p-MOS transistors and requiring tub-to- gate (substrate) bias. In addition, it needs to be free from im-
tub isolation, make the isolation more difficult. However, even purities (in particular, midgap impurities such as iron, gold,
though NMOS has a better packing density, the power dissi- etc.) to prevent junction leakage. Such material possesses a
pation concerns makes CMOS a technology of choice when the long minority carrier lifetime, with a diffusion length which
number of transistors in an IC are in the millions. This is could approach the wafer thickness and which makes the mi-
because NMOS logic gates draw direct-current (dc) power nority carriers available from the entire wafer thickness. This
during one of the inverter states. However, in a CMOS gate, is in conflict with the fact that in order to suppress the re-
one of the n- or p-MOS transistors is always ‘‘off ’’ when gate verse-bias leakage, the availability of the minority carriers
is in either of the logic states. Since no current flows onto the should be limited.
gate terminal and there is no dc current path from VDD to In addition to that, the VLSI CMOS circuits require high
VSS, the resultant quiescent (steady-state) current—and substrate doping to avoid undesirable feedback such as IR bi-
hence power dissipated—is minimal. asing of junctions (parasitic bipolar breakdown) and coupling

In terms of lateral device isolation the various technologies between circuits. The coupling is via resistive voltage drops
exhibit different attributes with respect to minimum device induced by ground currents. The process takes place by injec-
spacing, isolation depth, surface planarity (topography), pro- tion of electrons from a grounded junction. This junction be-
cess complexity, and defects generated as a result of the isola- comes forward-biased due to the resistive potential drop in
tion processing. When selecting an isolation technology for a the substrate (26). Both higher packing density and miniatur-
particular circuit application, tradeoffs among these charac- ization cause higher substrate current, aggravating the hold-
teristics may be needed. ing-time degradation problem (27). The traditional solution to

In addition to the tub-to-tub isolation, other difficulties circumvent this problem has been to use the so-called epi wa-
with CMOS circuits are latchup and crosstalk as described in fers described below.
later sections.

Epitaxial Silicon
Bi-CMOS

The use of epi material was first introduced in 64K DRAMs
Bi-CMOS technology integrates large drive current bipolar in 1977 (28). The two primary advantages of a p�/p� substrate
transistors and low-power, high-density CMOS transistors in are damping of substrate voltage transients and efficient col-
a single chip to yield speed–power–density performance unat- lection of minority carriers injected into the substrate.
tainable in either technology. An epi substrate is typically a thin few-micron p layer,

The demands placed upon isolation increase as one goes doped with boron to a concentration of 2 � 1015 atoms/cm3,
from n-MOS to CMOS to Bi-CMOS. In the case of bipolar de- grown on top of a p� substrate doped to about 1 � 1019

vices especially, device area is a strong function of isolation atoms/cm3. The advantage of fabricating devices (both bipolar
technology, and minimizing this area is the driving force be- and MOS) in an epitaxial layer is that the doping concentra-
hind the improvement of isolation even at the expense of tion of the device can be successfully controlled and that the
greater processing complexity. epi layer can be made free of unwanted impurities. At the

The deep n�-collector contact requires a deep phosphorus same time, the highly doped epi substrate serves as an excel-
implant followed by a thermal anneal which causes lateral lent ground plane damping substrate noise/crosstalk.
diffusion of the dopants all the way through the epi layer. For Many hot-electron-induced problems such as overloading
a better packing density the polysilicon plug process has been of on-chip substrate bias generator, threshold variation due to
developed. A trench is etched in the silicon down to the n� changing substrate potential, drain-source breakdown, excess
buried layer. This trench is refilled with heavily in-situ-doped minority carrier, photon generation, DRAM refresh time, and
polysilicon to form a low-resistance plug to the layer, while device degradation are directly due to the amount of sub-
the side walls are covered with a dielectric to prevent lateral strate current generated in the circuit.

The epi-layer thickness is set by the technology and thediffusion (see Fig. 3).
To further save space, in addition, a BPSG trench-filled amount of thermal budget which a wafer experiences. During

the wafer fabrication, thermal cycles drive the boron from theisolation is used (25) instead of the p-tub moat around the
device, discussed in the ‘‘Junction Isolation’’ section. heavily doped substrate into the epi region, thereby reducing
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the effective epi thickness. The HEI-tub process, where the same chip has become increasingly common. This type of inte-
tub drive is eliminated, allows the use of a thinner epi (29). gration, which started as early as the mid-1970s (32), now

includes multimedia applications such as switched capacitor
Latchup in CMOS Circuits filters, analog-to-digital (A/D) and digital-to-analog (D/A) con-

verters, mobil communication products, voice-band coder–A major concern for VLSI CMOS devices is latchup between
decoder (CODECs), and video digital-signal processorstransistors in neighboring tubs. The result of latchup is a
(DSPs).state of heavy conduction (a short) between VDD and VSS power

These applications require large-scale integration of highlylines. Once latchup occurs, it does not stop without shutoff of
accurate, high-performance analog circuits with many high-the power supply, which erases the stored information and
speed digital circuit gates. The coupling through the sub-possibly cause damage to the chip itself.
strate, however, is an important limiting factor in mixed-Latchup is a well-understood phenomena, and it can be
mode high-frequency integrated circuits. In such mixed-signaldealt with using processing and/or design methodologies;
systems, fast-switching transients produced in the digital cir-however, with the constant reduction of spacing, latchup im-
cuit can couple into sensitive analog components, thereby lim-munity is a continuing challenge.
iting the analog precision that can be achieved. The problemAs shown in Fig. 6, the S/D junctions of transistors in
becomes more severe as click rates increase, circuit featuresneighboring tubs form parasitic bipolar structures, that is,
shrink, and applications demand greater precision from thethe p� junction, n tub, and p substrate produce vertical pnp,

while the n� junction, p substrate, and n tub form lateral npn analog circuitry.
devices. By being in close proximity of each other, these para- Several methods such as a low-inductance substrate, phys-
sitic bipolars can interact electrically to form npnp or pnpn ical separation, or guard rings have been proposed for reduc-
diodes. For latchup to occur, the parasitic bipolar structures ing substrate noise (33). Substrate coupling problems in Bi-
have to be triggered by injecting a current into either an npn CMOS technologies have also been studied (4).
or a pnp emitter, and the holding state must be maintained. Separation of the analog circuits from the digital circuits

The initial current can be induced under abnormal (yet fre- on the substrate can be accomplished by fabricating them on
quently occurring) operating conditions such as fluctuation of separate substrates, by the SOI process (34). This approach
the supply voltage or high-energy particles from outside the is effective, but not always practical because of the complex
chip. If this current and/or the resistance of the tub or the fabrication and high cost.
substrate are high enough, a sufficient IR drop can be devel-
oped across them to forward bias the emitter–base junctions.

INSULATOR AS THE SUBSTRATEThen the collector current of one parasitic bipolar supplies
base current to the other, in a positive feedback arrangement,

The original driving force behind the Silicon-on-Insulatorresulting in a sustained current.
(SOI) technology was to produce a new radiation hardenedThe relevant device components in latchup, in addition to

the parasitic bipolars, are the resistance of the substrate in material to replace Silicon-on-Sapphire (SOS). SOS uses sap-
both the n- and p-tub regions. Hence, an effective technique phire (Al2O3) as both the substrate and the insulator (35). SOI
for suppressing latchup is to reduce the tub and substrate devices are made in a thin Si layer isolated from the wafer
resistances. With small enough shunt resistors, a sufficient substrate by a fairly thick layer of SiO2.
IR drop cannot be developed across them to forward bias the MOSFETs in the SOI geometry (sketched in Fig. 7) do not
emitter–base junctions. Substrate resistance can be reduced need special precautions in terms of junction isolation. The
by either using an epi substrate (30) or a retrograde tub, us- parasitic FOX transistor does not exist because the field oxide
ing high-energy implants (22), or using both (31). extends through the Si film and joins the buried oxide. To-

gether with the lateral isolation, SOI constitutes a complete
Substrate Crosstalk isolation.

The thickness of the Si layer can be chosen so that theBecause of the increase in the level of integration in ICs,
the combination of analog and digital functions on the MOSFET will operate in the fully depleted (FD) or partially

Figure 6. Two transistors in neighboring tubs, and
the parasitic npn and pnp bipolars which cause

n+ n+n+ p+ p+

VSS VDD

Rp tub

Rn tub

p tub
n tub

npn pnp

epi  layer

p+ substrate

p+

��
��

��
��

��
��

�
�
���
�
�
�
���
�
�
�
���
�
�
�
���
�
�
�
���
�
�
�
���
�
�
�
�
�
���
�

�
�
�
�
�

latchup.



742 ISOLATION

Figure 7. n- and p-MOSFETs on SOI
structure, illustrating Si layer, buried ox-
ide, lateral isolation, and the floating
body.
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depleted (PD) regimes. Fully depleted is when the channel the use of low oxygen implantation doses to obtain an
improved, low-cost SOI material. This new approachdepletion region extends through the entire thickness of the

Si layer. FD MOSFET operates faster than bulk because of has drastically improved the top silicon film crystalline
quality, but also yields much thinner Si and SiO2 layers.the increase in drain current, along with a reduction in the

dynamic gate capacitance. 2. Bonding is an inexpensive technique for manufacturing
In the case of circuits, SOI dielectrically isolates the com- thick films of both oxide and silicon. Two silicon wafers,

ponents, making the fabrication of smaller, denser, and faster at least one with an oxide layer on top, are bonded to-
circuits possible. It avoids the parasitic effects, which add to gether using van der Waalls forces with a subsequent
device and circuit capacitances or cause latchup, alpha-parti- anneal to increase the bonding strength. Then one of
cle events, and the IC crosstalk the substrates is thinned down to 1 �m by mechanical

SOI material promises a new branch of the silicon-based grinding and polishing to within 10% to 30% unifor-
industry thanks to the device and circuit advantages. It is mity. Better uniformity can be achieved with the help of
particularly attractive for low-power applications in the ultra a chemical etch stop. Typically the bonded wafers have
large silicon integration (ULSI) chips required for the porta- thicker yet better-quality Si and buried oxide layers.
ble systems. The capability of SOI circuits to operate at 1 V or 3. Smart Cut, the most recent technique, is based on both
below even in the case of DRAMs has been demonstrated (36). ion implantation and wafer bonding technologies. A wa-

SOI is also appropriate for the ‘‘system-on-chip’’ approach fer is oxidized to form what will become the buried oxide
such as smart power, microelectromechanical systems layer of the SOI structure. A high-dose (5 � 1016 cm�2)
(MEMS), mixed signal, and integrated optics. H� ion implantation through the oxide forms cavities or

microbubbles at the implantation range. This wafer is
SOI Material bonded to another wafer using van der Waalls forces. A

500�C thermal activation merges all the cavities, andReports on the fabrication of SOI structure go as far back as
then the top wafer is cut away. Because of the use of1980 (37). After 20 years and many variations on the SOI
ion implantation for the layer separation, the layerfabrication, the problems related to the quality of the SOI ma-
thickness uniformity is improved over that of ‘‘bonded’’terial and to the availability in large volume are slowly being
wafers.removed. There are a number of ways to fabricate the SOI

structure. Originally it used a fairly thin (200 nm) Si film SOI Lateral Isolation
deposited on a thick (500 nm) SiO2 which was grown on an Si

The lateral isolation between SOI devices are obtained tradi-wafer. The deposited amorphous Si film was then recrystal-
tionally by MESA structure and/or by LOCOS (43). In MESAlized by using different heating techniques: laser (37), graph-
isolation the active device regions are masked to etch the fieldite strip heater (38), or lamp (39). These techniques are cum-
device areas. The SOI oxide helps as the etch-stop layer,bersome and yield poor-quality Si layers.
while anisotropic etching allows for efficient isolation scaling.The SOI fabrication now utilizes three other, more promis-
The weak point of this isolation technique is the sharpness ofing techniques of SIMOX (Separation by IMplantion of OXy-
the side wall and its impact on gate-oxide integrity and devicegen) (40), BESOI (Bond and Etch-back SOI) (41) wafers, or
subthreshold characteristics.the Smart Cut Technology (42).

LOCOS isolation in SOI is much the same as LOCOS in
bulk; however, the oxidation kinetics in SOI are somewhat1. In SIMOX technology an oxygen implantation is em-
different from the bulk, in particular when the growing oxideployed (by a dedicated machine: 100 mA, 200 keV of
reaches the buried oxide. The oxidation times to consume theO� ions) to place a high concentration of oxygen under-
entire Si film become longer than in bulk, resulting in largerneath the initial silicon surface. This is followed by a
FOX encroachment and transistor width loss.high-temperature anneal which reconstitutes the crys-

talline quality of the silicon layer remaining over the
SOI Advantagesoxide, and it forms the stochiometric oxide buried in the

silicon wafer. The thickness of the Si and the SiO2 lay- The appealing aspect of the SOI technology has been its com-
ers in SIMOX are typically around 100 nm and 350 nm. patibility with the standard semiconductor fabrication, while

providing many advantages.However, the new trend in the SIMOX development is
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1. An SOI MOSFET is one of the best candidates for low- 5. Unavailability of SOI circuit design tools, to take full
advantage of the packing density, is another serious is-power, high-speed operation (44). Fully depleted MOS/

SOI operates faster than bulk because of the increase sue which impedes the introduction of SOI into main
stream Si fabrication.in drain current, along with a reduction in the dynamic

gate capacitance. A sharper subthreshold slope allows
Nevertheless, SOI is still a burgeoning field for research andan increase in the switching behavior of the MOS de-
process development, as well as new circuit design strategies.vices, along with shrinking of the threshold voltage,
As an example, see the Proceedings of the International Elec-thus increasing the drive current at low voltages.
tron Device Meeting (IEDM), 1996 and 1997.2. An MOS/SOI transistor has a junction capacitance

lower than that of a bulk-CMOS transistor. The total
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