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WELCOMING STATEMENT
FROM
GENERAL CHAIRMAN

Welcome to the 24th International Electron Devices Meeting, which
is sponsored by the Electron Devices Society of the IEEE. This
meeting provides the primary forum in the IEEE for the presentation
of recent results in research and development on electron devices,

spanning a wide range of subjects that includes solid state devices and Aifred U. MacRae
General Chairman

technology, integrated circuit techniques, electron tubes, energy
conversion devices, detectors, sensors and displays.

The importance of solid state to electronics is emphasized by the
fact that approximately 85% of the submitted papers are solid state
related. The remaining papers are associated with electron tubes and
plasma display devices. The international flavor of the meeting is
indicated by the many countries represented in the submitted papers,
with 30% of these papers coming from abroad.

The rapid increase in interest in VLSI is indicated by the many
papers on this topic, covering such subjects as fine line pattern defini- Ry E.Th
tion, short channel effects, high packing density devices and advanced Technical Program
fabrication techniques. The availability of microprocessors has had an Chairman
impact on this meeting also with an increased number of papers on
sensors and electrically alterable memory devices in evidence. Papers on mixed compound
material devices are in an upward trend. Electron tube reliability and fast wave interactions
will also be covered.

The success of a high technology meeting such as this one is based on the contributions
of many people. The formal contributions of the authors, the questions that are asked by
the people in the audience and the many hall-way discussions are all important to the ex-
change of information that accompanies such a meeting. The increased quality of the con-
tributed papers is a challenge to the committee members who review these papers and form
the program. On behalf of all the people who are involved in the organization of this meet-
ing, I invite you to attend the 1978 IEDM with the anticipation that this meeting will result
in a stimulating exchange of ideas between all participants.

Alfred U. MacRae
General Chairman
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FINE LINE LITHOGRAPHY SYSTEMS FOR VLSI

A.N. Broers

IBM T.J. Watson Research Center
P.O. Box 218 Yorktown Heights, N.Y. 10598, U.S.A.

ABSTRACT

This paper discusses advantages and disadvantages of advanced
lithography techniques under investigation for the fabrication of
semiconductor integrated circuits. These techniques are replac-
ing conventional ultra-violet (UV) contact/proximity printing.
They employ standard UV radiation (A = 3500A-4000AA),
deep UV radiation (A = 2000A-2600A), soft X-rays
(A = 4A-40A), and electrons. It is assumed that the reader is
familiar with the basic principles of the new methods.

INTRODUCTION

It used to be thought that for dimensions below about 2.5, light
optical lithography processes would have to be abandonned and
electron beam or x-ray methods adopted. This was when there
was little interest in reduced dimensions in the microcircuit
industry. Now this interest is widespread, but the situation has
changed in two important ways: 1) optical systems have been
developed which are capable of reaching dimensions close to 1p,
and 2) recognized problems with the new technologies, for
example, cost for scanning electron beam systems, and through-
put and mask stability for x-ray lithography , are taking longer
to resolve than optimistic proponents of these methods had
originally predicted. The situation is further complicated by
electron beam projection methods which in ten years have nei-
ther succeeded nor failed. As a result they remain as further
alternatives and bring to seven the number of distinctly different
potential solutions to the sub-two micron lithography problem.
The list includes contact/proximity printing with deep UV radia-
tion, x-ray lithography, 1:1 scanning optical projection, step and
repeat reduction optical projection, scanning electron beam, 1:1
photocathode electron beam projection, and step and repeat
reduction electron beam projection. This paper discusses the
status and some of the advantages and disadvantages of thesc
methods. It is assumed that the reader is familiar with the prin-
ciples of the different methods. They have recently been re-
viewed elsewhere (1). A few recpresentative references are
included to give the reader a path into the extensive literature on
the subject.

CONTACT/PROXIMITY METHODS

Conventional UV proximity printing methods can be extended to
resolutions below 2p  through the wuse of deep UV
(A = 2000 A-2500 A) radiation (2) (sec Tor example figurc 1).
Further improvement to below 1pu is available through the simul-
taneous use of conformal printing methods (3) in which the gap

Figure 1. Proximity printed image wusing deep UV
(2000A-2600A) radiation in PMMA resist. 5 gap was main-
tained between mask and wafer (L:in (2)). Linewidth 1.5u.

between mask and wafer is minimized. Alignment techniques
are available which can in principle reach accuracies of +0.25p.
These combined capabilitics give contact/proximity printing the
potential to reach resolutions beyond those of present 1X optical
projection systems. Throughput can be comparable and system
cost is lower.

The reason not to use contact/proximity printing is that the
close proximity between mask and wafer inevitably results in
mask damage which reduces yield and increases the number of
masks required for a given wafer volume. This disadvantage has
clearly justified the change to projection printing at 3-4p linew-
idths. The situation should be reexamined, however. in light of
the potential density improvement achievable at linewidths of
1-2p.

X-RAY LITHOGRAPHY

X-ray lithography (4.,5) (proximity printing with soft x-rays)
offers one outstanding advantage over other methods. Image
fidelity is preserved in very thick resist layers and is not degrad-
ed by diffraction effects as it is with light optical exposure, or
scattering as it is with electron exposure. This allows high as-
pect ratio resist patterns to be produced (see figure 1), and
means that there are no proximity effects as there are with elec-
tron exposure. On the other hand, the mask is fragile and may
not be dimcensionally stable, and the large divergence of conven-
tional x-ray sources gives risc to image distortion if the mask or
wafer is not flat.

iS4 | U Pitgusd # Tt 218 by —"“l“"".’wﬁ VAT T



Figure 2. High aspect ratio pattern in PMMA resist obtained by
x-ray lithography (Spiller er.al., }. de Physique, 1978, to be
published). 1 linewidths.

A step and repeat x-ray approach in which the mask size is
limited to the maximum "stable” area (this area can be set by
mask and/or wafer instabilities) overcomes the problems of
mask stability and source divergence, but exposure time with
present resists and sources becomes excessive. A synchrotron
storage ring (6) with a circulating current of at least tens of
milliamps is a bright enough source to reduce exposure times to
an acceptable level, but its great cost and overcapacity makes it
difficult to utilize efficiently. The most satisfactory solution to
this set of problems would appear to be the development of a
compact and relatively inexpensive high output soft x-ray source,
or a significant improvement in resist sensitivity. Recent experi-
ments using x-rays from laser produced plasmas (7) offer some
hope for the former. For the Jatter, it must be remembered that
sensitivity has to be defined in terms of the resist (wall) profile
and the acceptable thickness loss in the resist areas that remain
after development (8). These requirements generally become
more stringent for smaller dimensions, and resist processes that
have been adequate for larger dimensions may no longer be
useful. Resists that have proved te be satisfactory for Iu device
fabrication do not have adequate sensitivity for the step and
repeat approach unless a storage ring is used as the x-ray source.

The alternative to the step and repeat approach is the original
concept of full-wafer printing. Here a resilient substrate with
adequate dimensional stability must be found. The formidable

technological challenges must also be met of controlling temper-

ature stability and sample and mask chucking forces 10 the point
that 2 ppm overall dimensional repeatability (0.2 x over 10cm) is
achieved. Many laboratories are concentrating their efforts on
these problems which enhances the likelihood of their being
resolved.

I'xperimental results alrcady indicate that alignment of ma<k and
wafer should be possible to better than 0.1 u (9).

1X SCANNING OPTICAL PROJECTION

1:1 optical scanning projection systems use the same masks and
resists as contaci printing, but they improve yield greatly by
keeping mask and wafer separated. They also utilize master
masks and thus dispense with the need for working masks.
Throughput is high and approaches one hundred 8 cm diameter
wafers per hour in some instances (10). Resolution at present is
adequate for 3u linewidths, and new systems promise improve-
ment to 2 p or below. Overlay accuracy is predicted to improve
from +1 p-1.5 p to + 0.25 u.

In the new systems (11) tighter tolerances are met in the fabri-
cation of opticai components, temperature control is improved,
and deep UV (A = 2000A-2600A) radiation may be used,
rather than conventional wavelengths (A = 30003.-4000A).

1X scanning systems are fuil-wafer exposure systems and will
encounter severe overall dimensional stability problems as di-
mensions approach 1 p. The numerical aperture of the mirror
imaging system will also have to be increased from the present
value of 0.16 to about 0.3, and even with partially coherent
illumination, depth of field will become very small. This may be
intolerable because it will be very difficult to adjust focus and
level the sample for different portions of the sample surface.

STEP AND REPEAT REDUCTION PROJECTION

Step and repeat reduction projection cameras offer the same
yield advantage as 1:1 scanning projection plus a demonstrated
improvement in resolution. High quality lenses have been made
which achieve diffraction limited resolution at a numerical aper-
ture of 0.34 N.A. (60% contrast for 1.25 u lines) over a field
of 1 cm x 1 cm (12). Advances in the design of illumination
systems ailow similar fieids to be exposed in less than 0.5 sec
(see for example (13)). When such an illumination system is

combined with a high speed interferometrically controlled table,

Figure 3. 1.25u linewidths in resist produced by 5X projection
camera (Wilczynski, J.S., Tibbetts, R., Lin, B.J.. and Santy, W
IBM Research, Yorktown Heights, N. Y.).



throughputs of 50 75mm diameter wafers per hour can be ob-
tained (14). Throughput has previously been considered to be
too low for many applications.

As already mentioned, a major difficulty with any optical system
at resolutions below 2 p is the very small depth of field. In the
step and repeat case, however, focusing and wafer leveling can
be carried out at every chip site and the problem more readily
contained than with the full wafer scanning systems. Even with
this adjustment resist processes have to be very closely con-
trolled and multi-level resists in which the imaging layer is kept
thin will be particularly advantageous.

Alignment can be carried out once per wafer, as with 1:1 scan-
ning systems, or preferably at every chip site. In the first in-
stance laser interferometry is relied upon to maintain alignment
and overlay accuracy of +0.5 p should be achievable. - In the
second case improvement to + 0.25 u should be possible.

Although the resolution (see figure 3 and reference 15),
throughput and overlay accuracy are very encouraging for step
and repeat cameras, full complexity LSI devices with dimensions
below 2 pu have yet to be fabricated. The most serious unknown
is the ability to maintain pattern fidelity on rough surfaces.

SCANNING ELECTRON BEAM

This is the only method used so far to successfully make full-
complexity silicon devices with a capability that exceeds conven-
tional contact printing in terms of linewidth and overlay toler-
ance. See, for example, devices described in references (16) and
(17). Full lithography capability has been established for 0.6 u
dimensions as is shown in figure 4.

Figure 4. 0.6y gate length F.E.T. test chip fabricated by VS-1
scanning electron beam system (Chang, T.H.P., et.a/., Proc. 7th
Internat. Symp. Electron Ion Beam Sci. Technol. (Electrochem.
Soc. Princeton, N.J., p. 392, (1976).)

Masks made by a scanning electron beam are also needed for
replication methods such as x-ray lithography and deep UV
conformal printing.

For conventional masks, scanning electron beam systems offer
better resolution, lower defect levels, and quicker turn-round

than conventional mechanical pattern generation techniques
(1#-21). Higher throughput electron beam sysiems can generate
several masier masks for 8 cm diameter samples in less than 1
hour, whereas it can take several hours to generate the reticule
alone with standard methods. This reticule then has to be step-
ped and repeated in a reduction projection camera to produce a
master mask. The quick turn-round of scanning electron beam
fabrication has also been used to advantage in the direct-write
mode for custom interconnection of integrated circuits (22).

Although scanning electron beam systems have proved them-
selves in the fabrication of devices, they are not yet cost compe-
titive with optical approaches for the direct fabrication of most
LSI devices. Nonetheless. their performance in this respect is
improving rapidly. The improvement is due to the introduction
of advanced electron optical design methods (23) and concepts
(for example, the variable shaped beam concept (24,25)), higher
speed electronics, and large reductions in the cost of the digital
control electronics. Efforts are also being made to evolve

optimum system architectures. In particular, the possibility of
minimizing overhead times spent on mechanical sample move-
ment and registration has become apparent through a combina-
tion of large area two dimensional electronic scanning, vector
pattern addressing, and a fast variable speed mechanical table.
The table would be moved under the control of a laser interfer-
ometer without interrupting the pattern writing process (26).

Resolution in electron beam fabricated structures is not ultimate-
ly set by the resolution of the electron optical system, but by
electron scattering in the image-forming layer (resist), and by
electron backscattering from the substrate. These scattering
phenomena also give rise to proximity effects which make it
necessary to adjust the exposure for different areas of the pat-
tern. Experiments with automatic proximity effect correction
indicate that correction is essential for dimensions below 1 p and
is of great value at 1.25u (27, 17).

STEP AND REPEAT REDUCTION ELECTRON
BEAM PROJECTION

In principle reduction ¢lectron beam projection systems (28,29)
are very much more efficient than scanning systems because
millions of resolution elements are projected simultaneously.
They are also simpler because pattern data are stored in a mask
rather than fed on-line to the system during each exposure.
Electron optical projection columns have been built which oper-
ate according to their design specification, but fundamental
problems remain with the mask and with distortion in the pro-
jected image.

The difficulty with the mask is that there is no available sub-
strate that is adequately transparent to electrons, so the mask
must either be self-supporting or be a patterned photocathode.
Thin metal foil masks have been fabricated and methods found
to overcome the problem that certain areas of the pattern are
unsupported: but adequate dimensional stability has not been
demonstrated, nor have full complexity LSI masks been made.
Photocathodes have relatively low electron brightness and would
greatly increase exposure time over a thin foil mask illuminated
with a high brightness electron beam. The electron optical
system used to accelerate electrons from the photocathode sur-
face has also been shown to increase pattern distortion (29).

Distortion control has proven difficult over the large fields
(10.000 times the minimum linewidth) needed to give these



systems higher throughput than scanning systems. As with any
step and repeat approach, the throughput of a reducnion projec-
tion system will depend to a large extent on the time taken to
mechamcaily step the sample and to register the pattern to the
sample. With scanmng systems writing 1s already becoming
comparable 1o ihese overhead umes For projection systems to
be faster, therefore, shorter exposure time is not adequate, the
field size must also be larger so that the step and register se-
quence does not have to be performed so frequently. Field size
for an optimum 4X projection system has been estimated t» be
2cm x 2cm for 1p mimmum lLinewidth (25). This 1< considera-
bly higher than the maximum of about 0 Sem x 0.5cm predicted
for scanning systems at the same resolution. Exposure time can
be less than a second but distortion will be < 0.5%. Scanning
systems with dynamic distortion correction achieve 0.0003%
distortion. The relatively high distortion of the projection sys-
tem may be tolerable for microcircuits provided all exposures are
made on a single system, but 1t will preclude system to system
compatibility, or the possibility of combining this method with
other lithography techmiques

Electron beam proximity effects are difficult to compensate with
any full-pattern electron beam projection systems. Correction
will have to be made by preadjusting the shapes in the mask
because it will not be possible to adjust the electron charge per
unit area from point to point 1n the image, as can be done with
scanning electron beam systems.

1.1 PHOTOCATHODF FI FCTRON BEAM PROJECTION

This approach offers the resolution and depth of field of electron
optics together with the parallelism and simplicity of proxinuty
printing Problems with the lfetime of the patterned photoca-
thode delayed progress for many years but the introduction of
cestum 1odide as the photoemitter largely removed this problem
Successful methods for aligning the projected image to the sam-
ple have also been devetoped The problems that remain are
pattern distortion, reduction of 1mage contrast because of back-
scattered electrons being returned to the sample surface, and
correction for proximity effects

The sample 1s part of the electron optical system, and distortion
is introduced 1f it is not absolutely flat Calculations show that a
30p waler how will introduce a 1y error in pattern position (3()
Electrostatic wafer chucking ts being applied to «olve this prob-
lem So far 2u LSI devices have been successfully made with a
11 electron beam projector, and 1t 15 predicted that 60 10cm
diameter wafers can be exposed n one hour (30) For dimen-
sions below g, the dimensional stabthty required to satisfy
overlay requirements will become extremely severe

Demonstration of a method for correcting proximity effects by
adjusting the shapes in the mask has been reported (30)

OVERALI COMPARISON

Figure 5 shows five ways in which the various hithography me-
thods can be combined to produce microcircuits  The first 1s the
historically established rorte  the others are the methods most
hkely to appear mn the future  Their relauve success will obvi-
ously depend on requirements for device performance, cost and
volume A key factor will be the ratto of lhithography cost to
overall wafer cost  If overall wafer cost 1s high, then changing

from a low resolution low cost lithography to a higher resolution
gher cost approach may well reduce overall cost per device by
increasing density. It is likely that combinations of the different
approaches, for example, 2 and 4, may also prove optimum
under some circumstances.

Approximate estimates of comparative cost per resolution ele-
ment for some of the different exposure systems are given in
table I A resolution element is defined as a pattern square one
minimum linewidth on the side. The numbers in brackets in the
system column are predictions of field size, minimum linewidth
and exposure time per field (including overheads such as sample
loading, mechanical stepping, and registration), that may be
achievable n the future. In all cases a large degree of uncertain-
ty is involved. Electron beam and x-ray systems can readily
reach dimensions below 1pu, but, in general, field size will be
reduced and resolution elements per field will remain approxi-
mately equal.

In order to obtain the cost factor, the following capital costs
were assumed: 1:1 scanning optical projection -- $200k; S/R
reduction optical projection --$500Kk, scanning electron beam
$1500k, x-ray full field $250k, x-ray step and repeat $500k
(this could be the cost of one port on, an electron synchrotron
storage ring) $1250k, 1:1 electron beam projection. Capital cost
was distributed over five years and operating costs adjusted over
a small range according to system complexity. One operator at a
cost of $50k per year was assumed for each system.

According to table II, a cost penalty will be incurred for all but
one of the advanced approaches. This cost penalty will have to
be accounted for by increased density, higher yield, improved
device performance, or on the basis of a logistical or cost advan-
tage ansing from the elimination of masks.
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ABSTRACT

The very high electron mobility of GaAs,
aided by the use of semi-insulating GaAs substrate
material, makes possible the achievement of very
high switching speed {t4 < 100ps) integrated
circuits which can simthaneouSXy exhibit very low
dynamic switching energies (PDT < 100fJ). Planar
GaAs circuits of this performanfe have already
been demonstrated. Such circuits, with < 1000um
gate areas, open the way to an extremely high

performance, very dense, low power VLSI technology.

It is the purpose of this paper to summarize the
reasons why GaAs is so attractive for high per-
formance ICs, to review the present status of
GaAs IC development efforts and their results for
MST and upper MSI (near LSI) circuits, and to
explore the prospects for the extension of this
technology into the VLSI regime.

INTRODUCTION

Since the principal advantage of GaAs is its
high electron mobility, a feature best exploited
in a majority-carrier device technology, it is
hardly surprising that most GaAs integrated cir-
cuit efforts have been based on the use of N~
channel FETs of various types. Fig. 1 gives an
overview of the various device and circuit tech-
nologies under investigation for GaAs FET digital
integrated circuits. Some of the development
history of GaAs integrated circuits is discussed
in Ref. 1. The first GaAs digital IC's developed
were of the buffered-FET logic type,Z2:8>9 prin-
cipally because they used the same depletjon-mode
MESFET device and mesa fabrication technologies
developed for discrete microwave GaAs FETs. While
the 14 < 100ps switching speeds attained with
L, = ?um MESFET geometries in this approach are
eXcellent, the Py, = 20 to 40 mW gate dissipations
limit the chip cOmplexities to MSI Tevels. It
was the desire to reduce this gate dissipation,
as well as to achieve simpler, single power
supply, higher density circuits that motivated the
efforts in enhancement-mode FET logic. The logic
circuit approach used is principally simple
direct-coupled FET logic, {(DCFL) with normally-
off FETs and resistor loads (depletion-mode loads
should be superior but have not been implemented
thus far). The work here differs principally in

the type of enhancement-mode GaAs FET used. The
most complex DCFL circuits have been achieved
using E-MESFETs, with 14 ~ 400ps speeds with
extremely iow (< 100fJ) P.t4 products attained in
SSI sequential logic circﬂigs. Individual logic
gates and inverter ring oscillators using £-JETs
have also been fabricated.® In these approaches,
the onset of gate conduction limits the available
logic voltage swing, which places stringent re-
quirements on the FET threshold control and also
significantly 1imits the attainable switching
speeds (Fig. 3). The use of heterojunction gate
or insulated-gate (MOS or MIS) GaAs FET devices
could improve this situation, but the work on such
devices is at a very preliminary, discrete FET
state.6,7 Another approach for achieving high-
density, low-power GaAs FET IC's involves the use
of high speed Schottky diodes for most logic
functions, with low power de?$etion-mode MESFETs
used for inversion and gain. This Schottky
diode-FET logic (SDFL) approach achieves speeds
{tg ~ 100ps) close to those of BFL at much lower
(PD ~ 200ul to 2 mW/gate) power levels, which makes
thé achievement of much higher complexity chips
possible. SDFL does, however, require a more
sohpisticated fabrication approach in order to
optimize both diodes and FETs.

IC PERFORMANCE ANALYSIS:
COMPARISON OF GaAs AND SILICON

While the performance results achieved for
GaAs IC's have been outstanding, there has been
some disagreement about these results, with some
people in the IC community ascribing them princ-
ipally to the 1 um geometries and semi-insulatingsub-
strates used in GaAs IC work, rather than to superior
GaAs electronic properties and FET characteristics.
This "mobility versus saturation velocity" argument
is based on a difference in view of what are the
appropriate approximations to use in the equations
describing FET operation. 1In an FET, the gate
voltage above pinchoff, V s =~ Vp» controls both
the charge in the FET conguctioﬁ channel, QC, and
the average electric field, £ ., controliing the
motion of that charge. In the "mobility" view,
exemplified by the Shockley model of the FET, the
carrier drift velocity is assumed proportional to
field, vq = uy €, so that both Q, and vq are

*This work was supported, in part, by the Defense Advanced Researsh Projects
Agency of the Dept. of Defense and was monitored by the Air Force Office of
Scientific Research under Contract No. F49620-77-C-0087.
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proportional to Voo - V,, giving a square-Taw
saturated drain c8rrent, Ipss characteristics;

RTIRYA
gs-Vp) (1)
The constant K depends on the electron mobility in
the channel, u,, the dielectric constant of the
depleted semiconductor (MESFT™ or JFET) or
insulator (MOSFET) separating the gate and channel,
€, the gate to channel separation, a, the gate
length, Lg, and channel width, W as

. € up W

2a Lq

Hence, in this model, the transconductance is
given by

IDS = K(V

(2)

€ pn W

9 = T, (3)
In the other extreme of viewpoint, if the control
field in the cnannel, € = (V. - V )/Lg, is high
enough at bias voltages of iﬁ%eres so“that the
electron velocity reaches saturation, i. e.,

(Vgs - Vp) [ Shockley)

Vg = Vg, then only Q. will vary with Vg - Vo
and the transconductance wiil be given By
€ vg M

Gy = [Velocity Saturated] (4)
(presumably valid for u, (Vgg-V )/Lg Vel In@smuch
as the e]ectr?9 mobility iﬁ GaRs (un=4600 cm-/Vs
at Ny= 2 x 10t/ em=3) is nearly an order of nag-
nituge higher than typical silicon NM0OS channel

mobilities at reasonably high charge densities,
while the bulk electron saturation yelocities for
GaAs and silicon are similar (vsrlo cm/s), Eq. 3
and 4 lead to vastly different estimates of the
value to be gained by using GaAs rather than
silicon in FETs.

The most definitive way of resolving this
issue is to compare actual experimental data
on short-channel GaAs and silicon FETs. Plotted
in Fig. 2 are the Ipg versus Vg - V, character-~
istics for L, = 1,m MESFETs of%8aAs &nd silicon,
both norma]iged to W = 10um channel widths. The
GaAs MESFET dat? is for planar, double-implanted
IC-type devices' as shown in Fig. 5, while the
silicon data is for L, = lum microwave MESFETs!]
of the type described”in Ref. 12. The I.. versus
Vgs - Vp characteristics are more or lesS para-
bdTic (Eq. 1), linearizing somewhat at higher
Vqgs - V, values. The important thing to note is
t%at fof any given Voo - V, bias, the saturated
drain current and trgnsconguctance values for the
GaAs MESFET are at least 6 times larger than the
values for the silicon MESFET. These superior
transconductance characteristics are also reflec-
ted in greatly superior microwave properties
(gain, noise figure, etc.) for GaAs MESFETs. Note
that while for accuracy of comparison a silicon
MESFET is shown in Fig. 2, nearly identical
characteristics to these are obtained with
Lg = 1 um silicon NMOS devices.T3

Granted that real GaAs MESFETs give much
better performance characteristics, particular.v
at low biases, than silicon FELTs, the key
question is what influence will this have on the

Sy

on the speed and switching energies of logic
circui*s made with these devices? While there are
many details and variantsin logic circuits, a very
general analysis can serve to establish overall
trends and 1imitations of real circuits. If we
consider an approximately square law switching FET
with current source active load switching between
hard 1imits at threshold, V,. = V., and
Vg = Vg + Vo, where V. is %Re logic voltage swing,
aﬁa assBm@ an opt1muzeg Toad current of I m/ 25
where I4n 1s the peak FET drain current (?D at

=V '+ Vn), then the logic propagation delay
with a Voad capacitance (; can be shown to be

g - ™ [Propagation Delay] (5)
3 Idm
If we take a supply voltage of V_ . ~ 1.7V, the
worst-case dynamic switching eneuBy will ge
Poty = %—CL sz [ Speed Power Product] (6)

{about twice the 1/2 C Vi 2 stored energy in the
Toad capacitance). Eq. 6 gives a direct relation-
ship between the logic swing, V_, and the Poty
prodiuct for any given load capa@itance, CL» indep~
endent of FET type. The I, versus V__ - V_ FET
characteristics (which is Qge same asg? vgrsus
Vi in Eq. 5) do determine the propagation delay
for any given Vs however. Taking the silicon and
GahAs MESFET characteristics of Fig. 2, and
assuming a C, = 30ff load capacitance (reasonable
for small circuits witn insulating substrates such
as GaAs or silicon on sapphire), we obtain the
switching speed and dynamic switching energy
relationships shown in 7ig. 3. We note in Fig. 3
that for ary given logic voltage swing (or PDTd
product) tue GaAs MESFET IC will be over 6 times
faster than the silicon MESFET circuit. On the
other hand, if we demand equal propagation delays
from botn circuits, the GaAs device can achieve
the speed with much smaller Togic swings and hence
enormously lower speed-power products than the
silicon IC. This is, of course, extremely impor-
tant for high speed VLSI applications.
GaAs 1C RESEARCH: PRESENT STATUS

Fig. 4 shows a propagation delay versus
power dissipation map for various GaAs IC appro-
aches, alony with approsimate areas for other logic
tecnnologies. Some of the general features of
these results can be understood in terms of the
foregoing simple analysis, considering the Togic
swings, V.., involved in the different GaAs FET
logic approaches (as noted in the chart in Fig. 1).
For example. as predicted from Fig. 3, the low
logic swinuy, enhancement-mode circuits give execl-
lent Pprd products, but at significantly slower
speeds than the depletion mode GaAs MESFET cir-
cuils. In arneral, all the GaAs IC approaches
grve much jower powers at any given speed than a
silicon I{ technology with comparable lithographic
dimensions. Note that it is important to compare
switching speeds  of different technologies at
the same lithographic dimensions (gate lengths).
For example, while by = Tum GaAs ICs fabricated



with optical lithography give 4 ~ 75ps speeds in
SDFL or BFL circuits, E-peam fabricated L, = 0.5um
simple BFL inverter chains have, as would be ]
expected, attained 14 = 34ps propagation delays 5
(at Py = 41 mW power levels).

The performance attained with these GaAs
integrated circuits have been excellent. However,
the most serious concerns about the future of
GaAs, particularly for LSI and VLSI applications,
are focused on the questions of fabricability
and yield. On the basis of silicon IC exper-
jence it seems unlikely that LSI circuilt com-
plexities could be achieved with mesa GaAs IC
fabrication approaches. In addition, the single
layer (epi or uniform implant) available with
these approaches also results in some restrictions
in circuit approach. More recently, a fully
planar GaAs IC process making use of multiple
localized implantations directly into a semi-
insulating GaAs substrate has been devetopedm'1
which avoids these problems. Because the mult-
iple implantation steps make it possible to
optimize more than one type of active device
with this process, it has been extensively used
to fabricate circu{t? of the Schottky diode-FET
logic (SDFL) type.!s'0.

The attainment of LSI or VLSI circuit com-
plexities in high speed logic requires low gate
dissipations and hence ultra low PDId products.
As indicated in Fig. 3, this implies relatively
Tow logic swings with relatively low pinchoff
voltage MESFETs, if depletion-mode logic is used.
The FET pinchoff voltage, of course, must be
controlled to a small fraction of the logic
swing, the achievement of which has proven quite
difficult in_GaAs MESFETs, due to the extremely
thin (“’1000&) active layers involved. Also,
the MESFET drain currents must be reasonably well
matched for optimum circuit function. Fig. 6
shows & statistical correlation plot of I 5
versus V_ for 72 (of 72 fabricated) W = 50°%m,

L = 1umpp1anar, double-impianted low power
MESFETs from one of our GaAs IC wafers. The o, =
70mV standard deviation in V_ is excellent and P

the oy = 350uA standard dBviation in Idss is just
dss

a reflection of oy and the -5mA/V best linear
p

fit to the data (which value also equals the FET
transconductance}. The very low (~70pA) standard
deviation of I relative to this linear fit
attests very wg§§ to the uniformity of process
parameters {gate length, alignments, ohmic con-
tact resistances, etc.).
Lg = 1um circuits fabricated with projection
ogtical lithography, this is quite remarkable.
Note that if we considey the FET channel to have
a constant, Ny = 2 x 10 7cm'3, donor doping
density over a thickness a,, for this pinchoff
voltage, a. would be about 11008. The observed
va =70 m9 standard deviation in pinchoff wouid

be accounted for by a o, = 22.58 standard dev-
0

tation in this layer thickness. Keeping in mind

Considering that these are

that this 22.58 variation is only 8 GaAs lattr:s
constants, the difficulty of achieving this “eve”
of pinchoff control with epitaxy becomes obvious.
and the power of ion implantation as a fabrication
tool is amply demonstrated.

These low power (V.1 g < 500uW for W = 10um),
high transconductance,v8r9 éniform planar GaAs
MESFETs are ideal for low power SDFL logic cir-
cuits. Fig. 7 shows the circuit diagram for a
simple SOFL (positive) NOR gate. The key elements
in the circuit, other than the D-MESFET switching
FET and active loads, are the tiny (~ lum x 2 um),
Tow capacitance (C, ~ 2ff), high conductance (R
as Jow as 300 @) Schottky barrier switching dioges,
with which most of the logic is performed. The
principal advantages for this circuit approach are
jts extreme simplicity (for high yields), low gate
areas (as low as 600um¢/gate '7) and low power
requirements (PD ~ 200uW to 2mW/gate} for LSI or
VLST compatibility, combined with the high
switching speeds (vy ~75 to 150ps) of depletion
mode GaAs MESFET logic. In addition, SOFL ring
oscillators have been operated at temperatures up
to 200°C with little change in propagation delay.18
The dynamic switching energies attained with these
SDFL circuits, Pprg at low as 27 fJ (at 4 156ps)
are close to the lowest values achieved in
enhancement-mode GaAs logic circuits, but at con-
siderably higher speeds.

Fig. 8 shows an SEM picture of a portion of
a D-flip flop containing two SDFL NOR gates of the
type shown in Fig. 7 and associated interconnects.
The very clean, uniform lithography on the L =
Tum MESFET gates and 1 um diode metalization? is
an excellent indication that state-of-the-art
projection optical lithography is indeed capable
of handling 1 um feature size LSI and VLSI cir-
cuits. Fig. 9 shows a chain of 3 of these SDFL
0-flip flops in a *8 ripple counter configuration.
Other MSI circuits fabricated with this planar
GaAs IC process and successfully tested include
a more complex 3 stage synchronous binary counter
and a complete 8:1 data multipiexer which used
the synchronous counter as an address generator;
this part has a 64 gate complexity. These SDFL
MSi circuits are significantly more complex than
the ~ 20 gate MSI parts demonstrated with BFLZ»9
or the ~ 8 gate SSI + 2 circui& fabricated with
enhancement-mode MESFET logic.® The principal
factor limiting the achievement of higher chip
complexities with the BFL depletion-mode MESFET
circuits is the high gate dissipations, while the
enhancement-mode MESFET work would appear to be
hampered by the difficulty of achieving the
required FET threshold uniformities with accept-
able yields.

PROJECTIONS FOR THE FUTURE

Perhaps the most important point to be con-
veyed here is that GaAs integrated circuits are
for real; they offer real speed and power per-
formance advantages over silcon integrated cir-
cuits and 1t seems reasonable to expect that
before Jong they will be playing key rnles in
etectronic systems. Whilc important applications



