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because thicker CVD films (especiall |
crack, there is normally an upper limit to the thickness.

= ECR deposition (see section 44
= Photo-CVD §i0,.183

= Afterglow-CVD of §i0,.24

- Anodized Al depositiop 184

10),

S are i .
thermal cycling. 1" Place,they suppress hllock growth during later

* Use of refractory metg] films su
- ch as W . e,
propenstty to form hillocks ar 400° i oD bwhich-exhibis misch iess

~500°C) in place of Al
* Use of an ionized cluster beam 4 iti :
; 4 €position process to deposit th
AllCaF31Si films. According to the report on Lhispprocess, t(])ze ﬁfnol;lre.;’xnalqged
hillock free up to temperatures of 500°C. 185

4.7.4.2 Dielectric Void Reliability Problems. If the voids are opened
following an etchback Step, they can trap moisture or photoresist residues that can
cause long term reliability problems. In addition, metal may be deposited into the voids
that can be very difficult to remove by etching, thus producing shorting between
neighboring metal lines.

4.8 PASSIVATION LAYERS

in min inal m a_passivation layer is deposited over the

entire top surface of the wafers. This is an_insulating, protective layer that prevents

mechanical and chemical damage during assembly and packaging. The desired properties

of the passivation materials are given in Table 4-5. In general, the thicker the

ivation layer the better, since a thicker layer will provide better protection and
_ 1 s ssistance of underlying Al lines. On the other hand,

y silicon nitride films) have a higher tendency to

The final mask, called the pad mask or bonding contact mask, is used_to define

tierns corresponding to the regions in which electrical contact to the finished circuit

i i ings in the passivation layer to
will be made. These patterns in a resist layer allow openings in r
be etched down to Alpareas on the circuit called bonding pads (see chap. 5, Fig. 5-16).

Either wet or dry etching
dimensions of the pads are so large e :
frequently used to etch PSG films, while silicon nitride films are more easi
, orature CVD SiO; films were the first passivation layers

_ ‘av.-um,.f s-doped. _ sisadded to the SiO to reduce the stresses in the film (and.
f:- » c phospho dency of the film o crack), as well as Wimprove the gettering

ivati . Si the
be used to etch the passivation layer §1n§e .
can ¢ (i.e.. normally 100 x 100 um), wet etching is still
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_properties of the film (with respect to sodium ions and other fast-diffusing meta],
contaminants). The higher the phosphorus concentration, the better these charace

~4Cleristicg
will be. . .
On the other hand, if more than 6 wt% phosphorus 18 added to the film, %n\can

become a serious _problem, especially in _the case of chips _mountcd in 133[111\'
nonhermetic packages. Water vapor can rapidly penetrate the plastic pa‘&m lCri;u’

transporting with it contaminants from the surface of the package. If ﬂ}e PSG COhmjng
T - : e can react with it to form phosphoric acid Hp03)' ‘

which will eventually penetrate the film. As noted earlier, electrochemical COITOSion of
the Al lines can lead to metallization failure. While the transport of contaminateq moj.
sture through the PSG is a relatively slow process, if cracks or defects (e.g., Pinholeg)
exist in the film, the water vapor will be able to penetrate it much more rapidly.

Silicon nitride has also been used as a passivation-layer material because i¥provides

an impermeable barrier to moisture and mobile impurities (e.g., sodium) and als®form,
a tough coat that protects the chips against scratching. Its high dielectric constantis\not
a disadvantage for this application, since the passivation layer is deposited on top of the
last metal layer,

However, because the passivation layer must be deposited over Al films, only
PECVD silicon nitride can be used for this application (since it is deposited at ~300°C),
Unfortunately, PECVD nitride films normally exhibit a high mechanical stress @
10% Pa), which can cause cracks in the film during heating after deposition (especially at
steps). The high compressive stresses in the films have also been shown to enhance
void formation in Al interconnects (see section 4.7).

In addition, PECVD silicon nitride tends to be nonstoichiometric and contains
substantial quantities of atomic hydrogen (10-30 at%). Large quantities of hydrogen

have been found to accelerate hot-electron aging effects in MOS devices (see section
5.6.6). It has also been reported that the hydrogen from PECVD nitride is responsible

for the formation of bubbles or cavities at the metal-plasma nitride interface when ALSi
_alloys are used as the metallization. These appear after the 450°C anneal that is carried
out following nitride deposition. It is supposed that the hydrogen reacts with the Si
_ precipitates in_the Al film to form gaseous compounds that produce the
ubbles.186.187 1t has been recommended that a low-hydrogen-content passivation film
‘be used, if nitride passivation is selected for MOS technologies with gate lengths of less
than 1.5 um (in which hot-electron degradation is significant).
Work has been done to develop processes for growing nitride films with low
* hydrogen concentration and stress, and more is now understood about the relationship of
the film properties to such deposition conditions as rf frequency, power, and bias.l. :
Lower Hy concentrations in the nitride have been obtained when the film is formed wilh
SiH4-Ny mixtures rather than with conventional SiH4-NH3 mixtures. 189 Fluorinated
~ nitride (F-SiN) films have teen developed that exhibit only 0.6% of hydrogen (in the
form nfSi,H)'wo,m 20
The use of PECVD silicon-oxynitrise films (deposited with SiHz, NH3, N2. and
- N2O mixtures) as alternative passivation materials has also been investigated, since the¥

i
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1. (a) Deposition of the first oxynitride la st 1 oy
; yer, (b) SOG as t d
applied. (€) after SOG etch back, and (d) finished VD oxide depositions. | oo O e 4

Fig-. ‘.1-.56 Using S.OG film as a part of the passivation overcoat improves EPROM
reliability. Reprinted with permission of Semiconductor International.

While not quite as good as those of nitrides, the characteristics are better than those of
oxides.”? However, their stress is between that of APCVD oxide (tensile) and plasma
nitride and oxide (compressive).193 In addition, because the stress is a function of
applied rf power, pressure, and bias, it is possible to optimize the stress by using bias.
Ideally, a very low-stress dielectric oxynitride film can be formed that will still maintain
good diffusion-barrier properties. (It is important to characterize the stress over the
entire temperature range of operation to which the dielectric film will be subjected, since
the stress can exhibit hysteresis effects. These may be due to structural changes in the
film due to loss of material during heating.) Finally, it is reported that PECVD
oxynitride films can be formed that contain considerably less Hp (~one-half, in one

report) than do PECVD nitrides.1%4 . :

Another, more recently adopted approach to the formation of passivation layers
involves multilayer passivation coating. An_ﬁnitial coating of PECVD oxide is
deposited, followed by a PECVD nitride. The oxide layer reduces the mechanical stress
(~40%) and the hydrogen content of the passivation layer while the nitride protects the
device against handling, humidity, and mobile ior}s. This inorganic b.llayer may l?e
followed by a polyimide layer that is several microns thick (especially useful in
automated bump-bonding processes) and a m:,Ck- lzy:i; ggnzlillléone gel, or similar

i ioni id elimination durin . . :
(&chcdback) SOG-oxynitride layer is first formed. This film is then covered with a low

phosphorus -0Xi to complete the composite passivation film (Fig.
4-56) Sm;dcoi'::t;?r:gct‘t/lle) ggge ;;}r’ncrbetween the two oxynitride layers reduces the
5 w

. i ssivation layer. These voids and seams caused
occurrence of voids and seams i (¢ P o in turn correlated with increased EPROM

svation film coverage, W
degraded passivatio 256 TSMC EX. 1014 Page 6 of 8
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5.3.2 Silicon-Gate MOS Technology

heavily do
. - S ICs was the use of Y doped
Smetftindesy peossss B 1L, f;;)lr.acl\: (> Wkiblell 2D 6 for mere

ili the gate electrod areell
?:;g:rlr:;ct?:n a(s;n polgysilicon thin films). The 'dcvelopmer.lt of thsxs silicon gate
i . cation of MOS ICs in the following way

technology improved the fabrication 0 | |

e Since aluminum must be deposited fqllowmg comple:tl(ci)r:ir Zifnil iholgh- \

temperature process steps (including drivc;-m of the source an o draing 1{\;)

the gate electrode must be separately alxgned.to the gomc% a o (.we 1 1s

alignment procedure adversely affects both packing density an pafills - rhap

capacitances between the gate and source/drain ngIOl:lS. Since po y51. icon .as

the same high melting point as the silicon substrate, it can be deposited prior

to source and drain formation. Furthermore, the gate itself can serve as a m?Sk

during formation of the source and drain regions (by either d}fqu1on or ion

implantation). The gate thereby becomes nearly perfectly aligned over the

channel, with the only overlap of the source and drain being that .due Fo. lateral

diffusion of the dopant atoms. This self-alignment feature simplifies the

fabrication sequence, increases packing density, and reduces the gate-source and

gate-drain parasitic overlap capacitances.

* The threshold voltage of PMOS devices is reduced by the use of a
polysilicon gate, since the @ is less negative (see Egs. 5-2). For PMOS
devices on <111>- Si, the threshold voltage is reduced from roughly -4 V to
-2 V. This smaller threshold voltage value enabled PMOS ICs to become
compatible with TTL (bipolar) ICs, allowing MOS to be designed into many
digital systems that operated at TTL-defined power supply voltage levels
(ie,0Vto5V)

* The ability of polysilicon to withstand high temperatures also permits it to
be completely encapsulated by an SiO, layer. This allows the polysilicon film
to function as an interconnect path, in addition to serving as the gate electrode.
By taking advantage of this new interconnection structure (without having to
use a second layer of metal, as was necessary with bipolar ICs), it was possible
to give MOS ICs an additional level of interconnection that could be crossed by
the usual metal layer, or even by another polysilicon layer. This eased the
problem of routing the electrical paths among the devices of an IC, thereby

facilitating the layout of compact digital integrated circuits. (Techniques for

establishing contact between the polysilicon laye 8 ads »
chap. 3, section 3.11.1). The yer and substrate are described in

ability of polysilicon to withstand high

surface topography for metallization layers,
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entrations, a 0.5-um-thick polysilicon film b
(com pared 10 ~0.05 Q/sq for a 0.5-um-thick
o rconnect line resistance can lead to relati

opagation delays) and severe dc volta

COnseqUC"ﬂy' the fo_rmatlon of refrac-tory metal silicide layers on top of polysilicon
Jayers (which results in so-ca.lled P_Ol)'Clde films) was developed to reduce the severity of
ihis drawback. Such polycide fllr.m can provide sheet resistances of 1 Q/sq, at the
expense of more complex processing (see Vol. 1, chap. 11 for more information on
polycides). Despite of the above llmltat.]on, the development of silicon-gate technology
proved (0 be the most important contribution to MOS technology during the reign of

pMOS.

4k as a sheet resistance of about 20 Q/sq
Al film). The resulting high values of
vely long RC time constants (i.e., long

ge 'variations within a VLSI circuit.

5.3.3 Reduction of Oxide-Charge Densities

Another set of important advances allowed the magnitude of the positive oxide-charge
densities to be reduced. These oxide charge reduction techniques can be summarized as
those involving cleanliness, gettering, annealing, and replacing <111> wafers with
<100> wafers.

Cleanliness and gettering techniques reduced the densities of mobile ionic charge,
which are due to the incorporation of ionized alkali metal atoms (Nat, K*) in the gate
oxide. Na contamination can be controlled through clean gate oxidation processing.

_Gettering is used to prevent any Na* that enters the gate oxide from significantly
degrading the VT (see Vol. 1, chap. 7). Although tests for Na contamination of MOS
devices must be routinely performed to ensure that accidental contamination does not
occur, it is possible to establish fabrication procedures in which the instability of VT
due to mobile ionic charge is less than 0.1 V. .

Another source of positive oxide charge is the interface trap charge. Again, as
described in Volume 1, chapter 7, two annealing techniques were discovered that reduced
this charge to acceptably low levels (i.e., to the low 1010 cm2 eV-1 range). At these
levels the contribution to the threshold voltage of the device is acceptably small for
Mmodern MOS devices. . S

The final source of positive oxide charge is the so-called fixed oxide charge which is
Ocated in the transition region between the silicon and the SiO (see Vf)l- 1chap. 7).
{1 as learned that this charge can be reduced by the useOof s anneal_mgd teCh:llq(;l()cj

ad that the lowest fixed oxide charge densities (<1010 cm™) are Ob?ﬁ“l?) (t)(f)l il

Walers. As a result, the production of MOS ICs was shifted from

Startm .
g materigl .

[ ! . : ified by an amount proportional
0 e nmary,the threshold voltage is neEatived WG 1 o o quite high this

sum of these three oxide charge densities, Qtot:
T exremely imporiantinfluence on MOS productior. TS ofhe posive A
L e R

e : It, Qrot €@ &
oic density values was reduced. As a result, Quot G FEE B ribution (o
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