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. . tlm, deposited o 

resulting hillock size and de . at 330 C. (Figure 4-54c shows that the 
.. ECR deposition (see . nsity are both smalJ.)172 

secuon 4 4 1 O) 
- Photo-CVD S ·o 183 . . · 

1 2· 
- Afterglow-CVD of Si02.24 

- Anodized Al deposition.184 

Once such dielectric films are . la 
thennal cycling. 

10 
P ce, lhey suppress hillock growth during later 

• Use of refractory metal films h 
. fi sue as W or Mo ( h. h L:b· propensity to orm hillocks at 400 0_

500 
or- . w ic ex,u u much less 
\..,) zn place of Al. 

• Use of an ionized cluster beam d .. 
Al!CaF2!Si films. According to th eposztzo~ process to deposit smooth 
hillock free up to temperatures of 5~:r.f~son thIS process, the films remained 

4. 7 .4.2 Dlelectrlc Vold Reliabilit Pr . . 
following an etchback step th . . y . oblems. If the voids are opened 
cause long term reliab·1·t , bley can trap_ i_noisture or photoresist residues that can 

. 
1 1 Y pro ems. In . addition, metal may be deposited into the voids 

th~t can _be very d_1fficult to remove by etching, thus producing shorting betw 
ne1ghbonng metal lines. een 

4.8 PASSIVATION LAYERS 

· Fol_lowing patterning of the final metal layer, a passivation lqyer is deposited over the 
enure 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 
passivation layer the better, since a thicker layer will provide better protection and 

- improve the electromigration resistance of underlyini Al lines. On the other hand, 
because thicker CVD films (especially silicon nitride films) have a higher tendency to 
crack, there is normally an upper limit to the thickness. 

The final mask, called the pad mask or bonding contact mask, is used to define 
_patterns corresponding to the regions in which electrical contact to the finished circuit · 
JYi11 be made. These patterns in a resist layer allow openings in the passivation lay r to 
be etched down to AI areas on the circuit called bonding pads (see chap. 5, Fig. 5-16). 
Either ~ or dry etching can be used to etch the passivation layer. Sin e th 
dimensions of the pads are so large (i.e., nonnallr ~00 x 100 µm), w t ~ching i till 
frequently used to etch PSG films, while silicon mtnde films are more easily tched b1l 

.JDeans of a dry etching process. . . 
,Phosphorus-doJ)e:d, low-temperature CVD SiOz films were the first pa. 1 anon layers 

Jo be used.l>rhe hos horus is added to the Si . to reduce th m th film and 
Jo Jherebv decrease I.he tendency of the film to crack), as w n as th g t 
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274 SILICON PROCESSING FOR THE VLSI ERA - VOLUME II 

properties of the film (with respect to sodium ions and other faSt-diffusing rnetaH· 
contaminants). The hi her the hos horns concentration the better these charactcristi~~ 
will be. 

On the other hand, if more than 6 :'t% p~osphorus is added _to the film, co~osion can 
become a erious problem, especially 1~ the case of chms . mounte~ 

. nonhennetic packages. Water vapor can rapidly penetrate the plasttc packagm~ 
transporting with it contaminants from the sur~ace. of the package. If '?e P~G contain~ 
,excess phosphorus, the moisture can react with It to form phosphonc acid (HPo ) 
which wiII eventually penetrate the film. As noted earlier, electrochemical corrosi~ 
the Al lines can lead to metallization failure. While the transport of contaminated~ 
sture through the PSG is a relatively slow process. if cra~ks or defects (e.~., pinh~ 
exist in the film the water va r will be able to netrate it much more ra 1dl . 

Silicon nitride has also been· used as a passivation-layer material because i rovides 
an impermeable barrier to moisture and mobile impurities (e.g., sodium) and als forms 
a tough coat that protects the chips against scratching. Its high .dielectric constant~ 
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 (:6-8 x 
108 Pa), which can.cause cracks in the film during heating after deposition (especially at 
§teps). 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 fonnation of bubbles or cavities at the metal-plasma nitride interface when Al:Si 
,alloys are used as the metalli;zation. These (lppear after the 450°C anneal that is carried 
out following nitride deposition. It is supposed that the hydrogen reacts with the S~ 
precipitates in the Al film to form iaseous compounds that produce the 
bubbles.186, 187 It 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 µm (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 0i 

the film properties to such deposition conditions as rf frequency, power, and bias. 1.
8 

Lower H2 concentrations in the nitride have been obtained when the film is fanned with 
SiH4- 2 mixtures athcr than with conventional SiH4-NH3 mixtures. 189 Fluorinated 

nitride (F-SiN) films have ~.! n developed that exhibit only 0.6% of hydrogen (in the 
form of Si .. H)_l 90~ 191 . 

The use of PECVD silicon-oxynitrL'"' films (dcpostted with SiH4, NH3, N2, and 

20 · ) as alternative p ivation material h al o been investigated, since th Y 
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SOG Passivation Process 

~ -~' 

. SOG 

Oxynitride 

-~-(b) =1-~~(d) 
J . (a~ Deposition of the.first oxynitride layer, (b) SOG 
applied, (c} after SOG etch back, and (d) finished passivation process after second oxynitride and 

CVD oxide depositions. 

Fig. 4-56 Using SOG film . . . . . 25
6 

as a part of the passivation overcoat improves EPROM 
rehab11Ity. Reprinted with · · f · permission o Semiconductor International. 

~d ilf92°1Hguite as gth~ as tho~ of nitrides, the characteristics are better than those of 
~~1. es. o~ever, err stress 1s between that of APCVD oxide (tensile) and plasma 
mtnde and oxide (compressive).193 In addition, because the stress is a function of 
applied rf power, pressure, and bias, it is possibfe 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 fonned that contain considerably less H2 (-one-half, in one 

report) than do PECVD nitrides.194 

Another, more recently adopted approach to the fonnation of passivation layers 
involves multilayer passivation coating. An _initial coating of PECVD oxide is 
deposited, followed by a PECVD nitride. The oxide layer red~ces the ~~hanical stress 
(-40%) and the hydrogen content of the passi~ati~n layer, .w~tle the ~1tn~e protects the 
device against handling. humidity, and mobile 10~s. This 1~orgamc ~1layer may ~e 
followed by a polyimide layer that is several microns thic~ .<especially use~ul_ m 
automated bump-bonding processes). a?d ~ thick. lay~r of s1.hcone gel, or s1m1lar 

material ~ hi . and for void elumnauon dunng die bondmg. 
, 1or cos onmg . ROM d · h 'd 

In d 
· · f this technique appbed to EP s, a san w1c oxyntn e-a secon vanauon o . fil . th d .th l 

(ctchedback) SOG-oxynitride layer is first formed. Tius mis. en c~ver~ w1 a ~w 
~1..-.,,. CVD ·de layer to complete the composite pass1vauon film (Fig. ,.,~su• w,• content --oxi · · d 1 
4-S6) Sandwiching the SOG film bet~ee~ the two oThxymtn ~d ayedrs reduces thede 

. d ·n the pass1vauon layer. ese vo1 s an seams caus 
of v01ds an seams 

1 
ge which in turn correlated with increased EPROM 

ivation fi lm covera , . 2.56 
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318 SlllCON PROCESSING FOR THE VLSI ERA - VOLUME II 

5.3.2 Silicon-Gate MOS Technology 

One of the key process innovations .for MOS ICs was the use of heavily doped 
polysilicon as the gate electrode in place of Al (see Vol. I, ch~p. ? . for more 
information on polysilicon thin films). The developme~t of this silicon gate 
technology improved the fabrication of MOS ICs in the followmg ways: 

• Since aluminum must be deposited following completion of all high­
temperature process steps (including drive-in of the source and drain regions), 
the gate electrode must be separately aligned to the source and drain. This 
alignment procedure adversely affects both packing density and parasitic overlap 
capacitances between the gate and source/drain regions. Since polysilicon has 
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 mask 
during formation of the source and drain regions (by either diffusion 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 to lateral 
diff~si~n of the dopant atoms. This self-alignment feature simplifies the 
fabncabon sequence, increases packing density, and reduces the gate-source and 
gate-drain parasitic overlap capacitances. 

• Th~ . threshold ~oltage of PMOS devices is reduced by the use of a 
pol~s1hcon gate, smce the <i>ms is less negative (see Eqs. 5-2). For PMOS 
devices o~ <11 l>- Si, the threshold voltage is reduced from roughly -4 V to 
-2 V. !h•s s:°1aller threshold voltage value enabled PMOS ICs to become 
compauble with TIL (bipolar) ICs allowing MOS to be d · d · di · ' es1gne mto many 
. g1tal systems that operated at TTL-defined power supply voltage levels 

(1.e., 0 V to 5 V). 

• The ability of polysilicon to withstand hi h tern . . 
be completely encapsulated by an s·n,.,. 1 g T . peratures also permits it to 

to fi 
. . Iv-~ ayer. his allows the polysilicon film 

unct10n as an mterconnect path in add"f . B takin d . . ' 1 mn to servmg as the gate electrode. 
y g a vantage of tins new mterconn ti 

use a second layer of metal as ec ~n s~cture (without having to 
to give MOS ICs an additio~al 1::t::~ with ~ipolar ICs), it was possible 
the usual metal layer, or even b anot~e1 connec_ll~n that could be crossed by 
problem of routing the electrical Y th er polysihcon layer. This eased the 
facilitating the layout of compactp~ -~~ong the devices of an IC, thereby 
establishing contact between the pol g~. mtegrated circuits. (Techniques for 
chap. 3, section 3 11 I) The bY~

1
. icon layer and substrate are described in 

· · · a 1 Hy of 1 T 
~tatures was also exploited to allow th ~o ysi _icon to withstand high 
Si()i) that covers it to be flowed th b e diel~tric ( e.g. phosphorus-doped 
surface topography for metaltiz· at· ' la ere Y making a significantly smoother 

10n yers. 

_greatest di~ dvantage of polysilicon as a . . 
IIIDificantly higher resistivity. Even h gate matenal compared to Al is its 

w en doped at the high t pr ctical TSMC EX. 1014 Page 7 of 8



MOS DEVICES AND NMOS PROCESS INTEGRATION 319 

concentrations, a O.S-JJm-tbick polysilicon film has a sheet resistance of about 20 Q/sq 
(compared to _-O.OS ~/sq for a O.S-µm-lhick Al film). The resulting high values of 
interconn_ect hne resistance can lead to relatively long RC time constants (i.e., long 
propagauon delays) an~ severe de voltage ·variations within a VLSI circuit. 
consequently, the f~nnatmn of refractory metal silicide layers on top of polysilicon 
layers (which results rn so-c~led P_Olycide films) was developed to reduce the severity of 
this drawback. Such polycide ftl~s can provide sheet resistances of 1 Q/sq, at the 
expense of mor~ complex proce~si~g ~see Vol. 1, chap. 11 for more information on 
Polycides). Despite of 1!1e above hmita~on,_ the development of silicon-gate technology 
proved to be the most important contnbut10n to MOS technology during the reign of 
pMOS. 

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 (Na+, 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 
th is charge to acceptably low levels (i.e., to the low 1010 cm-2 ev-1 range). At these 
levels the contribution to the threshold voltage of the device is acceptably small for 
modem MOS devices. . . 

The final source of positive oxide charge is the so-calledfi~d oxide charge which is 
located in the transition region between the silicon and the Si02 (see V ~l. l, cha~. 7). 
It was learned that this charge can be reduced by the use of proper annea~mg techniques 
anct th . . ( 1010 m-2) are obtamed on <100> 

at the lowest fixed oxide charge densiues ~ c f 111 t 100 
Waf c hifted rom < > o < > ers. As a result the production of MOS I s was s 
Starting mate . al , 

r n · . h · ft d by an amount proportional to; summary, the threshold voltage is neg_a~velQy s i ~hen Qtot was quite high this 
e sum of these three oxide charge densittes, tot· . rn rt 

had an . . S roduction. Through an enormous e o 
by h extremely important influence on MO P . . . ) each of the positive oxide 

t e sem· . . d and umvers1ues , 
char 1conductor community (m ustry Q can now be kept to less than 5 x 
1 1oge density values was reduced. As a result, . tot • e contribution to ,.. 
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