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2.6 CHEMICAL VAPOR perostmion 97

these conducting layers, but its low melting point (660°C) and its reactivity with other
elernents generally precludes heating it higher than 500°C after it is deposited. If, as an
alternative, 2 thin layer of silicon is used as an interconnecting path, subsequent heat treat-

ments can be carried out at 1000°C or higher. This high-temperature capability is extremely
important in a mmber of IC applications.

Polycrystalline Silicon. To deposit silicon for interconnections, methods similar

{o those used for gpitéiy are often employed. However, because these layers are not de-

posited directly on the single-crystal silicon wafer, but usually over an amorphious SiO;
layer, they cannot grow epitaxially. These CVD films are typically composed of many
small crystallites (often with ~350-100 nm dimensions) and are therefore called poly-
crystalline silicon, ot stmply polysilicon. ’

Polysilicon has special importance in MOS processing where it is used as a tran-,
gistor electrode in silicon-gate MOSFETs, which are described in Chapler 9. Polysilicon
is also found in bipolar 1Cs where it is used as a diffusion source, as discussed in Sec.

. 6.5. For this application, polysilicon is formed over the single-crystal gubstrate by low-
ering the CVD temperature 1o about 600-700°C. The limited thermal energy of the
. silicon atoms available for surface migration ai these temperatures and the residual 0%~

ide on the silicon surface favor forming 2 polycrystalline, rather than 2 single-crystal,

1 layer. The behavior of the layer during subsequent processing depends critically on the
5 thin oxide layer (~1 atom-layer thick) hetween the polysilicon and the underlying
) single-crystal silicon.

iy | :

f Amorphous Silicon. When CVD silicon 18 deposited at still lower temperatires

(below about §00°C), an amorphous film forms regardless of the nature of the substrate.
Amorphous silicon has only very short-range order (typically over only a few atomic
spacings), and no crystalline regions can be observed. During heat treatments at moderate
ve ! _ temperaiures (=600°C), silicon deposited in an amorphous form crystallizes t0 become
polycrystalline silicon. Depositing silicon in an amorphous form and subsequently crys-
tallizing it is becoming increasingly important in a number of applications, such as the

2 active transistor matrix used in liquid-crystal displays.
nts Somewhat below 600°C amorphous silicon can be deposited by thermal decomposi-
tion of silane. However, at markedly lower temperatures in the 300°C range, additional
tis energy in the form of a plasma is used to decompose the silane and produce an amorphous
ugh silicon layer. At this lower temperature, significant amounts of hydrogen from the decom-
the : position of the silane remain in the deposited layer and modify its electrical propeﬂies.
ized :
1t at - Insulating Films. Insulating, as weil as conducting, films can be formed by CVD.
than : Especially important to IC processing are CVD films of silicon dioxide (S10,) and sifi-
n of con pitride (SisNa) formed by reacting a gas such as silane (SiHy) or dichlorosilane
opti- (SiH,Cly) with oxygen or nitrous oxide MN0) (for SiOy) or with ammonia (NHy) (for
film ] Si,N,). Although CVD oxides are not usually as pure nor of equivalent electrical quality
ohos- ' ag thermally grown oxides, they do not require the high-temperature processing needed
8. for thermal oxidation. For example, CVD oxide can be used above 2 polysilicon inter-
connection layer before aluminum OF COpper 18 deposited to avoid the dopant diffusion
that would occur during a thermal oxidation. CVD oxide deposited at even lower temn-
peratures can be used above aluminum of copper layers to separate different conducting
plica- Jayers that interconpect active devices and also to protect the finished integrated cirenit
‘These from contamination. In the latier case, the oxide is usually doped with phosphorus t©
sed for , . impede the migration of any contaminant through the oxide to the civcuit. A deposited
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98 CHAPTER 2 SILICON TECHNOLOGY

oxide commonly used between conducting layers is formed by the reaction of silane and
oxygen at about 400°C. The reaction

SiH,(g) + 0,(g) = Si0(s) + 2H,(g) (2.6.3)

produces an oxide that is less dense and less chemically resistant than thermally grown
oxide, but is very useful when high temperatures must be avoided.
. Because silicon-nitride (Si;N,) layers do not oxidize as readily as does silicon, silicon-
“nitride layers are useful for lmiting the regions where thermal oxide is grown in a local ox-
idation {LOCOS) process used for device isolation in integrated circuits [17]. In the 1.OCOS
process, a layer of silicon nifride is deposited on the silicon substrate and Hthographically de-
fined to retain the nitride in the device regions (Figure 2.26a). The nitride is removed from
the area between the devices where a thick, isolating oxide layer is to be grown. A thin, stress-
relief S0, layer is usually inserted between the nitride and the silicon wafer to prevent stress
from the nitride from creating defects in the silicon wafer. After the nitride is defined, the
wafer is inserted into an oxidation furnace, and a thick oxide is grown in the exposed silicon
regions, usually in a steam or pyrogenic (Hy:O,) ambient (Figure 2.26b). The nitride prevents
oxidation of the device regions. A layer of $i0, more than one pm thick can be grown on
exposed silicon while only a few tens of nm of SigN, are converted to SiO. After the oxi-
dation, the thin oxide over the nitride is removed, and the nitride and thin stress-relief oxide

Sig,

;:T—”q/

Si

Si0,

(@

SipN,

—— L
- N

®)

@

EIGURE 2.26 LOCal Oxidation of Silicon (LOCOS). (&} Defined pattern consist-
ing of stress-relief oxide and SiyN, covering the area over which further oxidation
is not desired, {b) thick oxide jayer grown over the bare silicon region, {c) stress-
relief oxide and SigN, removad by etching to permit device fabrication, {d) scan-
ning electron micrograph (5000 X} showing LOCOS-processed wafer at step (bl
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2.6 CHEMICAL VAPOR DEPOSITION §9

ine and 3 (&) Pattern etch mask {d) Trench £ill
263) : Nitride on pad oxide ‘:LFU:] FIGURE 2.27 Trench isolation is
(b) Bich trenches in 8i used to form very narrow isolation
7 ETOwW : HDP-CVD oxide shown ~ 8fons between adjacent devices.
’ After the trench pattern is etched in
silicon- L - (e) CMP of oxide a masking material {a), the trench is
ocal ox- (Sjl;gmh;rsigiv;(;ag;bpe E:U:D: etched directionally using & reactive
LOCOS ! ] L ion etch process {b). A thin, high-
cally de- {€)Thin the:mal Gxide quality oxide is formed (c}, and the
red from trench E.S filled with polystllco.n or
with oxide [shown for oxide in {d}].
a, siress- Eliminates etch damage The -excess material is removed by
?nt ;‘I;?S Provides corner rounding chemical-mechanical polishing (8).
ined, the :
« silicon
prevents are etched away to expose the bare silicon in the device regions (Figure 2.26c). Figure 2.264
TOWD on, ) shows a cross section ?scaﬁning—elect;on micrograph of a device region formed by a LOCOS
 the oxi- process. The oxide thickness tapers gradually from the isolation region to the device region.
lief oxide This taper is an advantage in avoiding sharp edges that make continuous film coverage dif-

ficult. For devices made with very small dimensions, however, the taper is a disadvantage
and limits formation of device regions with very smalt (submicrometer) dimensions.

To form isolation regions suitable for very fine features, trench isolation can be used,
as shown in Figure 2.27. As the name implies, a very narrow and relatively deep trench is
eiched around the device to be isolated. Directional, reactive ion etching is used to form the
nearly vertical sidewalls of the french needed to allow the top of the trench to have the min-
imum feature size that can be defined and the trench to be adequately deep (Figure 2.275).
After a thin, high-quality, ingulating oxide is formed on the walls and bottor of the trench
{Figure 2.27¢), the trench is filled with either an oxide or possibly with polysilicon. For deep
trenches, polysilicon is useful because its thermal coefficient of expansion is virtually iden-
tical to that of single-crystal silicon, reducing thermal stress and bending of the wafer, For
shallow trenches, oxide can be used with migimum effect on the stress. When oxide is used,
it is often deposited by a CVD process using a high-density plasma (Figure 2.27d). The di-
rectionality of the high-density plasma allows filting of very deep and narrow trenches. The
ion bombardment occurring during the deposition process improves the quality and density
of the oxide by knocking weakly bound atoms from the surface of the depositing layer,

Reaction Kinetics. Layers deposited by CVD are usually formed in open-flow re-
actors, as illustrated in (Figure 2.25b). The gases flow continuously through the reaction
chamber whiere the deposition takes place; gaseous byproducts are exhausted along with
unused reactant gases. A carrier gas is often used to push the reactants throngh the cham-
ber, The gases are usuaily mixed before entering the redction chamber unless they react
at low temperatures. At the surface of the waters, there is a gas-phase boundary layer
throngh which the reactants must diffuse (Figure 2.284). This boundary layer is a transi-
tion region between the unrestricted flow region and the walls and fixtures in the cham-
ber where the gas velocity is reduced by viscous forces that tend to pull against the moving
gas and retard its flow (Figure 2.285).

The reactants must pass through the boundary layer to reach the surface, where the
reaction is promoted by heat. The deposition takes place on all heated surfaces reached
by the gases. For example, if the walls of the chamber are hot, a generally undesired and
troublesome film forms on the walls, as well as on the wafers. Either the rate of diffusion
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