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Brief Resume of Aspects of
VLSI FABRICATION TECHNOLOGY
AND SOME TRENDS TO THE FUTURE

Mino Green

This is the last lecture in this brief series and while [ wish 10 continue talking about the
elements of the VLS fabrication process, | also wish to mention those topics in fabrication
which are cither just being used or are going to be used in the future. So this is even

more of a mixture than you have had so far!

v.1 TRENDS IN VLS]1 FABRICATION TECHNOLOGY

As stated earlier there is always the push to decrease feature size, increase speed, increase
complexity, This is illusirated by the curve shown in Fig. IV.1; in which we see that the
10 Megagate memory is upon us. So what are the trends in gilicon fabrication needed to
satisfy future expectations? We should consider some of the following:

a) Scaling rules and FET design. At greater than lum $/D separation there has been a
tendency to use constani-field scaling. However, with submicron devices there is some
push towards other scaling rules, such as shown by McNelly (Vol 21 p3) in Table

IvV.1.
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Table 1V.1 Scaling MOSFETs
Parameter Constant—field ConAstanl—vollage
scaling® scaling®
Lateral dimensions K K
Vertical dimensions K K
Device area K? K2
Gate oxule thickness K K
Junction, well depths K K
Doping concentrations 1/K R
Threshoid vollages K 1
Supply voltages K 1
Resistivities K K2
Hesistances ; K
Current/device K 1/K
Power/device K2 17K
Chip power density 1 1/K3
Dielectric capacitances K K
Gate delay K K2
Delay * power product K* K

t K, device scaling factor

Keeping the vollage, Vg, at a constant value has external advantages but does cause

internal problems like hot electron effects.

S/D

FET designs to cope with smali /D values involve grading the pn junctions in the

regions, Thus the polycide process considered recently has been modified o give a

graded pn junction 1o decrease field gradienmts. Using the polycide process in conjunction

with both n* - and p* polysilicon is a coming process: to avoid work function differences

which can make turning off FETs difficult.

b)

<)

d)

Isofation. We have looked at LOCOS as a device isolation methodology. At
submicron levels LLOCOS is too rough.

Lithography. Here we have the position that while optics is not at the limit yet, the
future iooks as though either X-ray lithography or a mix—and-match of optics and
direct e-beam writing will come in,

lon jmplantation. We have not discussed ion-implantation yet it is an area under

constant development as specialized doping requirements come, e.g. BICMOS,

e)

f}

e)

h)

.2

You

take

Diglectrics. Low temperature processing and multilevel metallizations make dielectric
development very important. Both organic - polyimides, and inorganic - spin on
glasses, are being experimented with,

Interconnects. This is a large and complex problem involving multilevel metallization.
Optical interconnects are being considered for chip—to—chip links and even intra—chip
links.

Mouynting and Packaging. As the number of inpul/outpul pins per chip increase, so
the chatlenge of chip mounting increases. Tape automated bonding would appear 1o
be the wechnology that will cope with the immediale needs of the industry. But this
is an area of great dwiportance - and cost — which s in a state of rapid change.
Semiconductor Matesil. This has been a course about silicon, but there are seme
advantages in other semiconductors, e.p. those based on HVY  compounds, such as
high electron mobility for high speed devices and OPTO-ELECTRONIC capahitity.

This is an important and rapidly growing areca.
Now let us consider several of Lhese topics in a litlle more detail.
ISOLATION

have considered LOCOS as the isolation method of VLSI, but it is rough and does

up a ot of room by virtue of the bird’s beak effect. A method which is more

comparable with the submicron challenge Is sidewall masked isolation (SWAMI). The

LOCOS and SWAMI methods are compared in Figure IV.2, and Table 1V.2,

Table IV.2 : SWAMI Process Steps

a)

b

<)
d}

¢)

1. Grow stress relief oxide (SRO 1)

2. Deposit siticon nitride (nitride T)

a. Patlern island regions (masking)

4, Plasma etch Si;N, and §i0,

5. Plasma etch silicon step

6. Grow stress relief oxide (SRO 11}
Deposit 5i3Ny (nitride 11)

8. Plasma etch nitride 11

9. Grow isolation field oxide

10.  Strip §i;N, (wet etch)
1. Deposit and densify LPCVD Si0,
12. Etch hack %i0),
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I"i_g. L2, Schematic sequence of the SWAMI process, compired to the conventionat
semi-recessed 1 OCOS process. (Fromm Chiv ef af . Copyrighl © IEEE, YO Pa—m)

Even greater isolation is obtained by elching decp narrow trenches in the silicon, ¢.g.

S5~bum deep Ipm wide and filling the uenches with CVD silicon dioxide.

1v.3 LITHOGRAPHY

Mask and light as used in lithography is a paralle]l process which makes for fast waler
processing, essential if the price is to be kept low. Decreasing wavelength, eg.  excimer
lasers, will allow submicron feature sizes 10 be fabricated, but the decreasing depth of
focus of the optical system places severe consiraints on the opto/mechanical systen. Two
strategies are considered. Firstly, mixed optical and e~beam lithography and then X-rays.

Typically a submicron gate might cover an area of .3um? while the gate density
might result in a figure of about 100wm per gale, so that only a few percent of the
wafer needs to be processed at submicron feature size. If this is true and we can align
the e—beam writing in siep-and-repeat to an optical siepper, then it should be possible to
achieve submicron gates, by e~beam writing, at reasonable throughputs, ¢.g. 5 minutes.

An cxtreme example of a small gate FET is shown in Fig. IV.3

X-ray lithography is being pursued vigorously in both Germany and the United States
since it is a solution to the problem of diffraction limited optics. The wavelengths of
easily generated X-rays vary over the range 4-50A so that lithography down 10 very small
sizes might be contemplated. X-ray lithography uses proximily printing, in which the mask
is held a short distance above the plane containing the x-ray photo-resist. This is a
near—field pattern siluation. Since we are dealing with s-rays, no lenses, misrors elc. can
be used. We are thus dependent on either paraile] light or a "point—source® in order to
limit penumbral distortion.

X-ray sources come in three kinds. There is the weli known electron beam striking a
metal target. Typical source power dissipation is 4kW with poor conversion efficiency of
4.8x10-* and spot size Imm. There is synchrotron radiation which gives nearly collimated
radiation of high energy (10-S0A). The disadvaniage at this moment being cost. Finally
there are plasma sources, created by high power lasers or electric discharges, in which the
electron lemperature is raised 10 very high values (40 million Kelvin!)

The mask material, material of support and wavelength of radiation are intimately
interlinked. Fig. 1V.4 shows some important curves. It should be noted that the most
absorbing materials have an adsorption cocfficient that is only fifty times larger than the
most transparent materials. This then determines the constraint on the support material
that will be used c.g. on its thickness, but does not determine the contrast. The support
simply reduces the total intensity presented to the mask and the resist. The contrast is
simply related 1o the (log) ratic of X-ray intensity at the masked and unmisked 1egions.
A window of resonable compromise, amongst all the process restrictions, scems to  lie

somewhere between 54 to 204 in wavelength.



»Active Gate -
7

>Load Gate w Ol

(@] P [} m

¥ AT I TR I
2 4 6 B 1D 20 4 60 B0 10O

‘High WAVELENGTH A (&)
N Node Fig. [V 4 Absoiption coclficient versus wavelength for materials common o X-Tiy pro-
0.07 Microns ' cessimp. Specific atomic absorption lines are indicated.

LT,

Qutput Node —

»

- /Spacar

B o

LY

ey o e

.
st

rnmieet My W
V8T L A NMOS tiveren wah clteshive gate length of

1Y by ated an THM Warson Rescapoh ¢ ity by g
TCounesy ab I Gemige Sar Halans 3

A A e Gvogenic oporaion

wile clecttue heam o apsdiy
B



V.5 ION IMPLANTATION AND ION BEAMS

Jon inplantation (I-1} is the prevailing teclngue wsed o Introduce desired bnporities o
the AEG region of silicon in a uniforn, predetermined and reproducible way. The method
consisis in directing a broad beam of a selected high cnergy positively charged ionic
species at the patierned wafer. The ions are implanted in the cxposed areas of the wafer,
be it in silicon or the poly, masking is done by pholo resist, or in self aligned schemes
by poly. Typical energies lic in the range 30 to 200KeV and beam currents of high
current machines start at about 10ma.

The implantation process has been well modelied and » number of simulation
packages are available. The most versatike tool is the computer programme TRIM (IBM).
This is a Monte Carlo programme developed by Ziegler et al. It can predict range,
longitudinal and lateral straggle, atom displacements and sputtering for ali clements and for
multilayer substrates.

There is a tendency now to use ion implanters for specialized. tasks. On a practical
basis low snd medium energy implants are donc on one machine (say up 1o 300KeV),
while high energy implants McV range require a more specialized machine. The BICMOS
process requires high energy implants in the buried N* regions, f Fig. IV.5.

Local doping can also be carried out with ion beam machines. These machines are
also capable of ion sputtering of diclectric overlayers, of lithography of mask repair, elc.
Fig. IV.6 shows in schematic form the essentials of a micro—ion beam system. A vital
feature is the high brightness liquid metal {LM) field emission jon source. The trick is 10
find a liquid metal alloy cutetic which contains the jon—to—be—used but which is molien at
s sufficiently low temperature so that the overall vapour pressure is compatible with high
vacuum (say 105 mm Hg). Thus an alloy Au(81) Si(18} emits about 14% of its wtal flux
as PSi++ and s used for doping GaAs. The melting point is 370°C. The other part of the
trick is to have a submicron feld-emitting tip of this molten alloy. Fortunately, the
balance of electrostatic and surface tension forces on the meniscus of LM protruding from
the end of & small nozzle results in a stable conc—shaped structure. Application of an
electric field (positive tip) results in field evaporation of positive metal ions. In praclice, a
tungsten tube with & loose fitting tungsten needle is used, the liquid metal wets the
tungsien needle and forms a cone over the needle tip which locates the ion source.

$low but stcady progress is being made with this fieid. It is, however, expensive and
specialized, and implantation damage (which must be annealed out) must always be

considered in any process methodology. lons made using liquid metal ion sources are listed
in Table IV.3.

BIPOLAR

NMOS

PMOS

POLY Si

;
z

w sl
L |52

® | 2
I
els
Qo

EEP
-

=Rl A [
N N-WELJ—*

P-WELL (P-EPH

BURIED N

P.SUB

formed by Toshiba BiCMOS process. Three addinonal

F1( I\, 5 Cross section of devices

o

3

and p~ base: have been added 10 a CMOS process

deep n” shinker.
optimize A-p-n transistor performance. L veX &t ¢ it

s

masks (buned r

N
-



Liquid Maetal

Ln1erlace Exiracior
nll
Steering
GP - J Stigmator
18 cL
g L ExB
REC “ ) ‘
L.S1 _ Furus X ) Mass-separolor
/23 A Control
CPU S,
} Ry [BE SignulH
I Mensure, Steering
Pyl poway o
Es_;;myl Ik I::éllfl:lr:] Sligmator
oaogc i e . ol
daa uaua:% - ] oy ULU 37
““““ on Deun
fﬁansule | N i
B l i
Lontiol
Fig. NLEIB systea !mln compuler conlrol

Table V.3 :  lons from Liquid Systems

Ton

Element or alloy

Be Au-Be, Au-Si-Be, Ga-Si-Be, Pd-Si-Be
B Pt-B, Pd-Ni-B

Al Al

Si Au-Si, Ga-Si-Be, Pd-5i-Be
p Pd-As-B-P

Ni Pd~Ne-B

Cu Cu

Zu Zn

Ga Ga

Ge B-Pt-Au-Ge

As Pd-Ni-B-As-As-Sn-Pb, As-Pt
Pd Pd-Ni-B

In in

Sn Sn, As-Sn-Pb

5b Sb—Pb-Ap

Cs Cs

Pt r-B

Au Au

Ph Pb-Sbt-Pb—Au

Bi Bi

w.h MISCELLANEOUS TOPICS

As feature sizes get smaller, it is necessary, as we have scen, to revise a large number of

process techniques. We end by mentioning two topics.

a)

Pattern reversal with inorganic resists: Thin layers (ca 2000A)} of e-beam resist have
now to be used. Unfortunately these materials do not have the selectivity in RIE that
is needed. In order 10 overcome this difficulty, the highly resistive inorganic halides
such as CaF, BaF, SrF,; CdF, have been employed in the pattern reversal scheme
depicted in Fig. IV.7. The CdF, is deposited by evaporation and the lift off is
achieved using chloroform. The CdF, has a selectivity in RIE typically greater than
60, cf Table 111.2. This technique has already, in my laboratory, given feature sizes
of 10004,

There is a desire 10 achieve 100&4 lithography, not for silicon, but for opto

electionic devices employing the NIV compounds, and various “natural lithography™



schemes have been supgested. Thus a single layer array of latex balls has been used
to give triangular pillars of 300A size. Surely very small features wili soon be

achieved.

b} Clean Rooms and in situ processing: In all that we have said it has been assumed
that the fabrication is carried out in clean rooms by highly disciplined operatives.
Clean condilions are the key (o0 high yields. The size and number of allowable
airborne particulates in the clean room is decreasing all the time. Class 100 is
standard for 2-3um feature size fabrication. The definition of <lass 100 is: 100

particles per cubic foot (28.3 litres) of ipm diameter or more. Class 10 and Class 1

?: were simply a reduction in particle count, not size. But Japanese manufacturers are
E E now demanding (and, I suppose, getting) particle size of {.1m rather than {um.
§ £ g This concern with contamination has led to the idea of fn situ processing. The
_g' Eg principle underlying in sity processing is the replacement of current aligner based
o -‘:’:E lithography by direct beam writing and local area beam induced layering, ali done in
3 “€ one continuous ultra high vacuum system. An example of such a system, which has
E v E v been built and operated, is shown in Fig. 1V.8. This is certainly a topic which should

2 generate much further discussion,
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