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PATHWAYS AND PITFALLS IN DEVICE LITHOGRAPHY

Eugene I. Gordon

Bell laboratories

Murray Hill, New Jersey O7974

ABSTRACT

Thr device engineer, working in silicon
integrated circults, bubble memory, micro-
wave devices and other emerging areas con-
sistently finds that pattern generation sets
major 1limits on his ability to achieve
higher complexity, higher performance,
lower cost, greater reliability and faster
design turnaround time. As a consequence
major efforts are being directed to pattern
generation technology. The motivation for
the various activities will be examined and
reviewed, and an attempt will be made to
assess the relevance of these activities,
pointing out potential pitfalls or areas
that should be considered early in the tech-
noloegy development.

Exposure of a semiconductor or garnet
substrate to produce contemporary micro-
devices follows & well-trodden path. Recent
activities have made possible a wide range
of alternate paths for extending the state
of the art (1). These are summarized in
Fig,1. While manual generation of pat-
terns 1s still utilized to some extent, the
use of a software description to drive pat-
tern generation apparatus is becoming
ubiquitous.

The conventional path is shown second
from the left; generation of a reticle,
10:1 reduction and step-and-repeat genera-
tion of a high quality master, and finally
generatlion of working copies, frequently by
use of intermediary submasters. Damage to
the working copy during contact printing
requires massive numbers of copies to be
produced. A single printer operating at
full capacity can chew up several hundred
thousand dollars worth of masks per year,
The logistics of supply imposes & harsh
tyranny on the process engineer. Further-
more he must use masks which because of the
multistep process initially cannot be as
gocd as the best available and these masks
degrade significantly during use.

As a result, noncontact printing has
consistently been of interest. And con-
sistently, projection printing has been
disappointing despite its promise.
Recently, a scanning type of projection

printer (2) has had considerable success
and appears to have overcome many of the
deficiencies of stationary projection
printers, Nevertheless, it has improvident
limitations which make uncertain its use
for tighter design rules than currently in
commercial use,

An alternate path which uses reduction
step-and-repeat printing directly on the
substrate to be patterned has proven effec-
tive for applications such as microwave
transistors, where fine lines, good line-
width control and excellent registration
are essential. Unfortunately practical
versions are expensive (~$250K) and slow
(>10 minutes per exposure) and do not
appear to be acceptable for use in LSI.

The major drawback would appear to be the

large capital expenditure that is required.
However, such equipment would allow a sig-
nificant extension of the state of the art.

Completing the left-hand side of
Fig. 1 is an electron beam version of re-
duction, step~and-repeat printing. The
reticle can be made optically because of
its larger size, This technique is still
highly exploratory and many practical
problems remain.

Current hopes and interests are
focused on the elements shown on the right-
hand side of the figure. The use of a
serial scanning electron beam for one-step
fabrication of masters (3-5) has been
established as a cost-effective source of
very high quality, hard surface masters for
conventional lithopraphy as well as the
gqurce of very hifgh recolution masks for
1:1 electron exposure systems (6) and X-ray
proximity systems (7). BRoth of these are
exploratory in nature., They have proven to
be capable of very high resolution and high
hopes reside therein., However, there are
some significant pitfalls. Nonflatness of
the substrate can cause severe distortion
in the electron system and random misalign-
ment or runout errors in the X-ray system.
Special attention to electrostatic (for the
electron system) and vacuum (for the X-ray
system) chucks is required. New techniques
for polishing wafers and special attention
during high temperature processing may
prove to be prerequisites to successful use

1.1



of these techniques in silicon technology.
It 18 not mrant to imply that such atten-
tion would not be advantageous for existing
lithographic practice, It would, it just
scems, not be done as much as 1t should be,
On the other hand, substrates for bubble
devices appear to be suitably flat. Other
pitfalls relate to use of electron sensi-
tive resists which cannot be used simply in
place of present photoresists. Hence new
procegsing techniques must be developed in
parallel with the new exposure systems.

The required changes may be so substantial
that considerable investment in auxiliary
equipment is entailed as well as loss of
the background and experience associated
with conventional lithography. Moreover,
the use of electrons and soft X-rays for
exposure can change the surface character-
istics of electron devices, particularly
silicon MOS devices, and the possibility
for much grief exists. Finally, the major
atumbling block, which seems to be ignored
completely in the hurrah and huzza afforded
these emerging techniques is that they are
to be used with finer dimensions than cur-
rently used and in large area devices. The
potential for problems with reliability is
enormous, particularly inherent in the
small dimensions, and possibly associated
with the process changes.

These same pitfalls are inherent in the

use of scanning electron beam systems.
However, such systems exhibit the ultimate
In-regolution and registryation ‘capablility,
ang wafer flatness 1s not nearly as rele-
vapt. Hence interest is exceptionally
high. They have already proven to be of
importance in fabricating microwave tran-
giptors. However, a major hurdle for LSI
hag been identified as the long exposure
time, The current state of the art is
about one-half hour for a 3-inch wafer with
fine-line capability. However, this is
improving rapidly, and I would not be sur-
prised to hear reports before the end of
‘this decade of commercial systems operating
in the range of 5-10 minutes with excellent
registration and fine-line capability. -
Unfortgnatcly such systems will cost upwards
of $10°. Usome simple calculations by anyone
with access to data wlll lead to the con-
cluslon that one should ultimately produce
higher performance LSI devices at lower cost
using scanning electron beam lithography.
Unfortunately the necessary capital invest-
ment in the high-speed machines alone might
exceed the annual value of the product.
This may prove to be a major pitfall. How-
ever, there 1g little doubt that there are
those anxious to make the journey. For
those sufficiently adroit it will probably
prove to be a valuable trip.

]

(1)

(2)

(3)

(4)

(5)

(6)

(7)
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RECENT ADVANCES IN HIGH-FREQUENCY FIELD-EFFECT TRANSISTORS

Charles A.

Liechti

Hewlett-Packard Company

Palo Alto, California 94304

During the 27 years since the discovery of
the transistor, the advancement of transistors to
higher_and higher operating frequencies has been one
of the most persistent objectives of semiconductor
device R&D. Today, highest frequency operation and
fastest switching speed are obtained from GaAs metal=-
semiconductor FETs (MESFETs). Above 6 GHz, MESFETs
hqve higher gain, lower noise~figure and about the
same power capability as bipolar transistors. Also,
p~n junction FETs (JFETs) and insulated gate FETs
(IGFETs) have advanced to microwave frequencies,

The cross-sections of the various high-frequency
FET structures are illustrated in Fig. 1, and their
pérformance data are listed in Table 1.

For high frequency operation, the intrinsie
time-constant for charging the gate capacitance must
bh. as short as possible. In addition, the parasitic

gactances and the transit time of ‘charge carriers

rough the high-field region must be minimized.

These objectives are achieved (a) by shrinking the
channel length to the minimum realizable size, (b)
by selecting a device structure with low drain-to-
channel and drain-to~gate capacitances, and (c) by
choosing a semiconductor with large carrier mobility
and large drift velocity at high fields. In GaAs,
the conduction electrons have six-times larger
mobility and two-times larger peak drift-velocity
than in silicon, Therefore, GaAs FETs exhibit higher
frequency operation than Si FETs. Electrons have
larger mobility than holes in both GaAs and Si.
Consequently, n-channel FETs are used exclusively
for highest frequency applications (see Table I).

Silicon IGFETs with 1 um channel length
have been built with the vertical gate geometry (V-

- MOST) (2) and with double diffusion of the channel

and source impurities under the same oxide layer (D-
MOST) (3). IGFETs fabricated in silicon-on-sapphire
(S0S-MOST) (4) exhibit very low drain-to-channel and
drain-to-source capacitance. Up to 2 GHz, IGFETs

re applied in high speed logic, ultralinear power

plifiers, low noise receivers and mixers. So far,
practical IGFETs have been made only on silicon.
Recent advances in anodic native oxides on GaAs (16),
with an interface-state density of 1 x 101l cm=2ev-1,
might lead to GaAs IGFETs in the near future.'

« FETs with a p-n junction gate of 1-2 um
length have been realized in silicon and in GaAs.
In silicon, the p-regions are selectively

implanted (5); in GaAs they are presently diffused (6),

or they are grown epitaxially and etched in mesa
structures (7,8). Low noise JFET amplifiers have
been built up to 4 GHz. A GaAs .power JFET delivers
1 W output power with 6 dB gain and 26%\ (power
added) efficiency at 6 GHz (7).

At this time, GaAs MESFETs have the
largest current-gain bandwidth (20 GHz) and the
highest frequency of oscillation (80 GHz) of all
transistors., They operate like JFETs in a depletion
mode, but instead of a p-n junction, the gate con-
sists of a metal-to-semiconductor Schottky-~barrier.
The depletion layer under the metal gate restricts
the conductive cross-section in the channel and
controls the current flowing drom drain to source.
A scanning electron micrograph of a MESFET with
1 um gate length is shown in Fig. 2. The active n-

.type layer is grown epitaxially on a semi-insulating

GaAs substrate. This structure offers the same
advantages as silicon-on-sapphire,. i.e., very low
parasitic capacitances. The device geometry is
gimple, easy to fabricate and can be applied to a
variety of semicohductors. MESFETs have been built
in si (9), GaAs (10-13), InP (14) and GaInAs (15).
Their performance characteristics are listed in
Table I.

GaAs MESFETs are used for microwave ampli-
fication up to 18 GHz., They have very low noise
performance (NF = 2,7 dB at 10 GHz (10)), only sur-
passed by parametric amplifiers. 1In Fig. 3, the
noise figures of MESFET amplifiers are shown.
MESFETS with multiple gate structures are also effi-
cient power amplifiers. At 6 GHz, 0.9 W output
power with 6 dB gain and 30% (power added) efficiency
has been obtained (12). 1In addition, MESFETs are
applied as microwave oscillators, mixers and modu~
lators. ‘

The GaAs MESFET with 1 um gate length and
15 GHz current-gain bandwidth is a fast awitch,
ideally suited for high-speed logic. The basic
NAND/NOR logic gate, shown in Fig. 4, has a signal
propagation delay of 100 ps* (17) and a speed-power
product of 4 pJ (18). Using this logic gate, a
monolithic 1:8 frequency divider with three cascaded
master-slave flip-flops has been built on GaAs
(Fig. 5). This circuit provides stable frequency
dividion from dc up to 2 GHz (18).

* Measured for a fanout of 3. Fastest bipolar logic
gates exhibit a propagation delay twice as long.



advances to even higher speed operation,

FETs promise a great deal of potential for
Various

device structures and semiconductor materials await

further development.

Progress with submicrometer

channels using electro-beam lithography, with ion-
implanted layers, and with suitable insulators on
I1I-V compound semiconductors will opén new per-
spectives for high-~frequency FETS.

(1)

(2)

(3)

(4)

¢5)

)

(N

(8)

(9

(10)

(11)

(12)
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HIGH FREQUENCY FET
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Fig. 2. The scanning electron micrograph FREQUENCY (GHz)
shows- the center section of a low-noise
GaAs MESFET. The source and drain are Fig. 3. The noise figure versus frequency

alloyed ohmic contacts to the underlying
conductive layer. The gate is the 1 um
wide metal stripe forming a Schottky
contact. To the right, the gate metal

' runs over a mesa step and widens on the
semi-insulating GaAs substrate into a large
bonding pad.

graph summarizes performance of experi-
mental MESFET amplifiers. The solid lines
represent narrow-band amplifiers, and the

. circles show noise figures of the MESFETs

used in the first stages. The broken lines
illustrate the noise performance of wide-
band amplifiers.
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exhibits 100 ps signal propagation delay (17).
The dual-gate MESFET performs the NAND
function and the single-gate MESFET in
parallel the NOR function. Since these
MESFETs operate in the depletion mode, dc
level shifting with forward-biased Schottky
diodes il'foqnlred. \

10

SECOND THIRD
BINARY . BINARY BINARY
DIVIDER DIVIDER DIVIDER
It 1 L
[ Wil &

Lt

\r - '. .1;‘.‘ - ¢
i

=% n Zs Tnf

FIERS

OUTPUT QUTPUT
112 DIVISION 1:4 DIVISION

OUTPUT
1'8 DIVISION

Fig. 5. This MSI circuit on GaAs provides
stable 1:8 frequency division from dc to

2 GHz (18) . Each binary divider consists
of a master-slave flip-flop incorporating
four of the logic gates shown in Fig. 4.



PROGRESS IN DIGITAL INTEGRATED ELECTRONICS

Gordon £, Moore

Intel Corporation

Santa Clars, Ceiifornia

!
Complexity of integreted circuits has spproxi-

mataly doubled every year since their introduction,
Cost per tunction has decreased several thoussnd-
foid, while system performance and reliability
have bean improved drametically. Many aspects ot
processing and design technology have contributed
to moke the manutacture of such functions as com=
plex single chip microprocessors or memory clr-
cults economicelly feasible, I+ is possible to
anaiyze the increase in complexity plotted in
Figure | Into different factors that can, in turn,
be examined to see what contributions have been
important in this development and how they might
be expected to continue to evolve, The expected
trends can be recombined to ses how jong exponen-
tia) growth in complexity can be expected to
continue,

@ BIPOLAR LOGIC

A BPOLAR ARRAYS

~@ M0S LOGIC

®MOS ARRAYS T

‘JAAALJL.AIAAILAIJ'IIII
70 7
YEAR

Fig, 1. Approximate component count for complex
integrated circuits vs, year of Introduction,

A tirst factor is the sres of the integrated
structures. Chip areas for some of the {argest of
the circults used in constructing Fligure | ere
plotted in Figure 2, Here again, the trend fol-
lows an exponential quite well, but with signi-
ticantly lower stops than the compiexity curve.
Chip area tfor maximum complexity hes incressed
by a factor of epproximately 20 from the first
planar transistor in 1959 to the 16,384=bit charge~

1"

coupled device memory chip that corresponds to the
point plotted for 1975, while complexity, according
1o the annuat doubl ing law,should have Increesed
about 65,000-foid, Clearly much ot the increased
complexity had t6 resuit from higher density ot
components on the chip, rather than from the
increased area avallable through the use of

{arger chips,

Fig. 2.

In¢Fedse in die ared for most complex
integrated devices commercieliy svelisble.

Density was incressed partisily by using
finer scale microstructures, The first integrated
circuits of 1961 used |ine widths of | mil (2 25
micrometers) white the 1975 device uses 5 micro-
meter |ines, Both iine width and spacing between
| ines are equally importent in improving density.
Since they have not always been equsl, the
average of the two is & good parameter to relate
to the erea that » structure might occupy.

Dens ity can be expected fo be proportional to the
reciprocal of ares, so the contribution to
improved density vs, time from the use of smailler
dimansions is plotted in Figure 3.



