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Abstract

In this thesis an improvement to the Gallium Arsenide source coupled FET logic
[ZCL output cell is presented. Because of parameter variations from site-to-site in the
waler, ECL compatibility of source coupled FET logic circuits, in terms of voltage levels
and clock duty cycle, was very poor and thercfore the electrical yield was very low. A
source coupled FET logic buffer driver was designed to make the Gallium Arsenide ECL
cell more resistant to parameter variations and consequently, the yield is highly improved.

Furthermore, multi-site circuits are now possible with a high output electrical yield.

The circuit complexity is limited by the latency problem which occurs when using
both high and low [requency signals Lo drive the gate. In this research, the latency time
period is reduced by over 75% and hence either the operating frequency or the complexity

can be increased six times.
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Chapter 1

Introduction

From about 1980, there has been a growing effort to develop digita! [Cs based upon
Gallium Arsenide technology. Many of the advances in high-speed digital communications
and high-resolution radar systems at frequencies beyond a few gigahertz (GHz) have
been possible only with Gallium Arsenide devices. And, as advances in fabrication and
packaging techniques are made, the operating speed will further increase and the cost of
production will reach a point where large scale application of Gallium Arsenide circuits

will be economical in these and other systems where specd is of primary importance (1], {3].

1.1 Advantages of Gallium Arsenide

Basically Gallium Arsenide transistors have two distinct advantages over Silicon
transistors: speed and power [2]. At the same speed, the power in a Gallium Arsenide
circuit is ususally lower, and for the same power dissipation, a Gallium Arsenide circuit is
usually faster than Silicon. Table 1.1 summarizes the material and clectronic propertics
of Gallium Arsenide and Silicon for comparison. Some of the properties that have let
Gallium Arsenide to establish a foothold in high speed electronics can be inferred from

table 1.1 as follows [2]-[8]:

e Gallium Arscnide has higher clectron mobility than Silicon. Knowing that logic

circuit propagation delay is dircctly proportional to carrier velocity, the net result



Propertics GaAs Silicon
Bandgap Direct; 1.42 eV Indirect; 1.12 eV
Low-field 5000 cm?/{V - ) 800 em?2/(V - 8)
electron drift mobility | at Np = 1017/em™® | at Np = 10" /em™3
Low-field 250 cm?/(V - s) 300 em?/(V - 5)
hole mobility at Ng =107/em™=2 | at Na = 10" /cm™®
Substrate resistivity | 105 to 108Q - em Low
Native oxide Several reactive and | Si0,; very stable
unstable compounds
of Ga and As

Table 1.1: Electronic properties of GaAs and Si [7].

at the circuit level is that Gallium Arsenide logic circuits are faster than Silicon

circuits for the same minimum feature size.

Callium Arscnide devices have greater immunity to radiation effects because of
their larger band gap and the absence of critical gate oxide or isolating oxides as
used in Silicon devices. This is an important consideration for space and military

applications.

Pure Gallium Arsenide is semi-insulating with very high resistivity so that no spe-
cial measures need to be taken to provide isolation between devices on the chip.
‘This further reduces parasitic capacitances and yields a better performance at high

Lemperatures,

The inter-clectrode capacitance is much smaller in a Gallium Arsenide device be-
cause there is no pn-junction around the drain and source terminals of a Gallium

Arsenide field effect transistor.
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¢ Another important reason for interest in Gallium Arsenide and its related com-

pounds comes from the fact that these materials have a direct bandgeap. This prop-
erty is very efficient in opto-electronic applications and research has led to exciting
developments in LASERS, LEDs optical detectors and integrated optical circuits.
These components form the basis of modern optical-communication systems; this is

a function that Silicon devices could not fulfill.

The availability of excellent heterostructure Gallium Arsenide based systems, such
as AlGaAs/GaAs, GalnAs/InP, InGaAs/AlGaAs, etc., and new technologies, such
as Molecular Beam Epitaxy (MBE), open up unlimited opportunitics for experimen-
tation with new devices, such as Heterostructure Field Effect Transistors (HFETS),
Heterojunction Bipolar Transistors (HBTs), Hot Electron Transistors (HETSs), Ver-

tical Ballistic Transistors (VBTs), and many novel quantum devices {4].

So the fast switching capability of Gallium Arsenide devices is primarily duc to their

ability to deliver high currents with small changes in the input voltage and to their low
internal capacitances. All of the above characteristics contribute Lo the realization of

high-specd low-power circuits.



1.2 Disadvantages of Gallium Arsenide

Callium Arsenide presents some disadvantages that prevent it from replacing Silicon
in the commercial market due in part to the material itself (Gallium Arsenide) and also

to the technology. Here we discuss some of these major problems.

1.2.1 Yield of LSI/VLSI Circuits

The most important barrier to Gallium Arsenide technology is that the yield for
complex circuits is much lower than for Silicon ICs, due in part to more defects in the
basic semiconductor material, because Gallium Arsenide wafers and chips are, indeed, far
more fragile compared to Silicon. Therefore, for the same functional complexity the cost
of Gallium Arsenide ICs is much higher than for Silicon 1Cs, and the feasible chip size is

much lower {5].

In addition to material defects, parametric nonuniformity causes nonuniform diode
and transistor characleristics which, in turn, cause logic gate characteristic variations.
These variations influence the electrical yield of VLSI ICs. Because of this parametric
nonuniformity, and because of the low noise margins in Gallium Arsenide FET ICs due
to low voltage swings and forward gate conduction clamping, Gallium Arsenide circuits

arc more sensitive to parameter variations, and, being so, usually the yield is drastically
low {1], (7], (8]

1.2.2 Other Limitations of Gallium Arsenide

¢ Complementary circuits are not attractive because the hole mobility is about the

same as in Silicon.

e Greater control of the technology, ion implantation, passivation etc., is needed in
order to achieve optimal production efficiency and thus obtain competitive prices in

the market area.
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¢ Because new materials and processes are involved, the reliability of Gallium Arsenide

integrated circuits is still far behind Silicon integrated circuits.

e While Silicon is blessed with excellent native oxide, Gallium Arsenide has a poor

and unstable one. This makes it difficult to fabricate Gallium Arsenide MOSFETs.

The major Gallium Arsenide transistor is the Metal Semiconductor FET or MESFET.

However, MESFETSs have their own limitations which are:
¢ Backgating and sidegating between devices.
¢ Frequency dependent small signal conductance.
¢ Poor absolute accuracy and pair matching.
e Drain current transients with time constants on the order of seconds.

Gallium Arsenide is not thought of as a replacement for Silicon but more as a special
material which will find a role in high-frequency active devices, for use in both analog
integrated circuits, with the potential large market products such as complete front end
receivers for direct home reception in satellite Lelevision, and for digital integrated cireuits

to operate at speeds beyond the capability of Silicon systems [4], {8].



1.3 Outline of the Thesis

In Chapter 2, a yield study is reported which was based on the BNR! Source Cou-
pled FET Logic (SCFL) technology. This study investigates the influences of the internal
circuit structure and the characteristics of the output cell upon the electrical yield. In
Chapter 3, the double-phase and single-phase SCFL circuit design techniques are com-
pared, then the latency problem in SCFL circuits driven at high and low frequencies
is discussed in addition to possible solutions. In Chapter 4, an analysis of a Gallium
Arsenide-to-Silicon ECL driver is carried out. The problem of the poor yield encountered
is studied and a solution is presented. Finally we conclude in the last chapter by showing
the impact of our work on the electrical yield, and suggesting some luture work that could

be carried out.

'BNR: Bell-Northern Research Ltd, P.O.Box 3511, Station C, Ontario, Canada, K1Y 4H7



Chapter 2

Analysis of the High Speed SCFL

This chapter describes the basic properties of the Source Coupled FET Logic (SCFL)
in terms of the dc characteristics, output gains and other features. In Section 2, we deal
with the SCFL output cell and the measurements of the diode and transistor character-
istics from & typical wafer at BNR. Section 3 introduces the limitations of the work done

so far to deal with this subject. Finally we conclude by stating the purpose of this thesis.

2.1 Source Coupled FET Logic

Differential amplifier circuit structures have been successfully used for logic applica-
tions for years [11]. Bipolar ECL (Emitter Coupled Logic) or CML (Current Mode Logic)
circuits are the most widely recognized examples. This technique has also been employed
in Gallium Arsenide MESFET logic to produce a new family of Gallium Arsenide logic.
The present Gallium Arsenide CML circuit consists of MESFETS, resistors, and level
shift diodes. This Gallium Arsenide MESFET CML is called a Source Coupled FET
~ Logic (SCFL). SCFL is the fastest logic circuit among Gallium Arsenide logic circuits,
such as DCFL, BFL.

2.1.1 DC Characteristics

The SCFL inverter consists of 2 differential amplifier and two source follower buffers



Vdd

Qul

Figure 2.1: GaAs MESFET SCFL gate configuration.

with diode level shilters as shown in Fig 2.1. The input terminal is F£T,, outpul ter-
minals are the drains of FET; and FFET%, bul these are load devices, the outputs are
driven by the source followers T, and FET;. When Vi, is cqual to V., the same
magnitude of the current llows through FET; and FET; Lo ground. At an input voltage
higher than V., the current mostly flows through FET,. At an input voltage lower than
Vees, the current mostly flows through FET;. So basically the vollage Vi, is compared
Lo the fixed reference voltage Viep applicd to FET, so that cither FET) or FET, can
turn “on™ in a current mode depending on whether or not Vi, is higher or lower than
Vies. Conscquently al the drain of FET, an oubput that is the complement of its input is

obtained. At the drain of /273, Lhe same phase of the signal at the input is available [13].

Now dealing with the swilching behavior of the differential amplifier which deter-
mines the de characteristics of the SCFL [12], [13].



Assuming a basic FET equation in the saturation region as:
Ipsi = Bi(Vei — Vs — V)3, (i=1,2) (2.1)
where:

i represents FET;,
Ve is the gate voiiage.
Vi is the threshold voltage.

Vs is the common source voltage.

The current /o, which flows through the common source, is given as Lthe sum of the currents
through FET, and FET,:

Io = Ips)+ Ips

= Bi(Vin— Vs — V) + Bo(Vies — Vs — Vip)? (2.2)

Elimination of Vs from equations (2.1) and (2.2) and assuming that for neighboring FET's
ﬁ| = ﬁz = ﬁ yields:

I 21
Ips1 = Eo + g(v::n — Veeg + V1 = Vi) Fo = ((Vin = Veep) + (Vi = Vi) (2.3)
and
I 2]
Ips: = 30 - g(vin — Viey + V1 — Vi) _ﬁ_o —((Vin — Vieg) + (Vi — V)2 (2.4)

From equations (2.3) and (2.4) we can deduce the following features and advantages

exclusively found in SCFL [12], [14], [15]):

o Switching of the differential amplificr is influenced by the difference between the
threshold voltages of the input FETs, which is negligible for adjucent FETSs, and
not by the absolute value of the threshold voltages. This means that unlike the

DCFL gate, the SCFL gate can operate over a wide range of threshold voltages.



e Compl:mentary outputs are obtainable from the differential amplifier as shown in
cig 2.1,

Other features of the SCFL family are:

¢ Output voltage swing and output voltage levels are unaffected, due to the us: of a

constant current source (Ip).

e Capability of driving large loads because of source-follower buffers. The source

follower has high input impedance and low output impedance.

e High functionality, for example the OR/NOR gate is obtained from this configu-
ration by just adding another FET in parallel to FET), and only a few gates are
required to realize common logic functions such as XOR, D flip-flop. This feature

yields a net savings in power and area.

¢ Versatility in application.

2.1.2 SCFL Differential and Common Mode Gains

There are several potential advantages of the differential circuit over the more con-
ventional logic circuits which switch between the cutoff and ohmic regions of the FET.
The major advantage is that differential circuits provide the benefit of good common
mode rejection. The ideal differential amplifier should produce no output for a common
mode input. This property is important for logic applications because any wafer to wafer
variation in FET threshold voltage is a common mode voltage and will not strongly affect

the switching of the gate [15].

Fig. 2.2 shows the basic differential circuit vith differential ana commmon mode input
signals. Let Voum be the common mode input signal and Vpu be the differential mode

input signal. In this casc:

10
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Figure 2.2: FET differential amplifier with differential and common mode input sources.

__OD

VgO—

gm ng> rds

O s

Figure 2.3: Small-signal model for MESFET
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V1=ZD'2M+VCM: and

Va=—1M 4 Vo

Let Apy and Agpy be the differential and common mode gains respectively. The FET
model used to carry out this analysis is the snall signal equivalent circuit model shown
in Fig. 2.3.

The small signal Apy and Aca are given by:

V.
Apm = VD:: 7= —gm1(Rp || Tas1) (2.5)
Val ‘_gmlRD
= = 2,
Ao Vem 1+ 2¢m1Bes (28)

where g1 and 74y are the transconductance and drain resistance in saturation of FET).
From Eq. 2.6, it is seen that R.,, which is the output resistance of the current source,
must be made very large in order to diminish the common mode gain. The current Igs is
usually supplied by a current source formed by a pull-down FET, controlled at the gate
by a voltage Vgs.

2.2 Experimental SCFL Data

The SCFL inverter gate used for our study is shown in Fig. 2.4, it is a standard
SCFL gate developed at BNR. and is the basis of their Gallium Arsenide ICs. Here are

some of its characteristics:

e complementary inputs Vi, and Vi, are used because it is hard to provide a constant
reference voltage V,.;. Another reason is that complementary outputs are already

available for gates in cascade. This will insure good CMRR in all stages in a circuit.

¢ Only depletion mode FETs are used because it is difficult and expensive to produce

both types, enhancement and depletion MESFETS, in the same walfer.

12
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Figure 2.4: BNR SCFL inverter gate
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e Many diodes are used at the output source-follower buffer. These are level shifting
diodes required between stages to avoid driving the differential amplifier transistors

into the ohmic region.

e Three output signals (Vuy, Vor1), (Vez, Vo2), and (Vas, Vis) are available. This level
shifting is needed when the series transistor approach is used, so that inputs of the
next stage can be driven from these different outputs to maintain proper biasing of

their respective FETs.

¢ Resistors (R, &R,) are used rather than FET active loads in order to simplify the
biasing of the SCFL gate. When d-mode active loads are used as pull-ups, it is
difficult to maintain all FETs in the saturation region, a necessary condition if the

differential gain is to be adequate.

2.2.1 SCFL Output Cell

Generally a digital system is designed using only a single logic family, such as Silicon
TTL, ECL, CMOS, or Gallium Arscnide logic [16]. However, sometimes this is impossible
or not advantageous. Sometimes the desired components such as gates, registers, and
microprocessors are not available in a single logic family, Also, and this is usually the
case, it may be only the "front end” logic that requires the high speed of Gallium Arsenide
SCFL; for the slower logic the less-expensive Silicon logic may be adequate. Then it

becornes necessary to interconnect components from different technologies.

Another gate that has to be considered in this study is then the SCFL output cell
used to solve this interconnection, or interfacing problem. This cell shown in Fig. 2.5
is basically a GaAs-to-ECL driver, specially designed to connect the Gallium Arsenide

SCFL chip to a Silicon ECL chip functioning at a lower speed and diflerent signal levels.

It is required that the output characteristics of the interface be similar to those

of the receiver gate, while the input characteristics of the interface match the output

14
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Figure 2.5: SCFL Qutput Cell.



characteristics of the driving gate. The output cell will be further studied in detail in the

next chapter.

2.2.2 BNR Wazfer

Fig. 2.6 shows a typical wafer from BNR. The waler is divided into 25 small squares
called sites. Each site is then further divided into 9 squares and probe measurements of
transistor and diode parameters are made in the middle square to characterize the given
site. Sites 5 and 21 are not considered because of the difficulty in taking measurements.

In all further discussions of the BNR waler, sites 5 and 21 will not be considered. Some

B EIEE %
Z
6 ? 8 9 ID\ 1 2 3
11 12 |13 {14 |15 4 6
16 |17 |18 |19 ]20 7 8 9
éf/ 22 {23 [24 |2s
/ est Measurements nade here,

Figure 2.6: A typical GaAs wafer from BNR.

of the parameters obtained from test measurements are:

e Vin: Transistor threshold voltage.

o [y Transistor saturated drain current.

Vio: Diode turn-on voltage.

Ita: Sheet resistance for implanted resistors.
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Reon: Contact resistance for implanted resistors.
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Figure 2.7: Threshold variations across the waler.

e Go: Transistor output conductance.

As an example the threshold voltage V;4 as a function of site position is drawn in Fig, 2.7.

The other parameters that we extracted from this measured data using circuit model

formulas are:
¢ 3 The transconductance gain parameter
e A The channel-length modulation parameter
e o The saturation voltage parameter

¢ Is The diode saturation current

2.3 Yield and Parameter Uniformity

In determining the electrical yield of LSI/VLSI circuits, Long [9] focuses on the noise
margin which is the tolerance window available for the high and low logic levels. He found

that unlike Silicon integrated circuits, where the noise margin is quite large beceuse of

17

VNN |



—_— oul
1.0 7>
J Mmax-squard
0.0 noise marqgin
2 0.6 max-widih
b ] noise nluqin
>
0.4 ;
: -
0.2
N—v vs V
oul In
0.0 M L] M 1 v | } 4 12
0.0 0.2 0.4 0.6 0.0 1.0
Vln(v)

Figure 2.8: Maximum Width and Maximum Squarc noisc margins [Long]

high power supply, Gallium Arsenide MESFET ICs have small noisc margins due to small
voltage swings. Thercflore the electrical yicld of Gallium Arsenide ICs may be constrained

by parameter uniformity that determines or affects the noise margin.

The two most recognized definilions for noise margin arc: The maximum width
Vyuw and the maximum square Vs noisc margin which represents the worst casc [17], sce
Fig. 2.8. The method used to predict the electrical yield is as follows (9], (18]: The circuit
under consideration is analyzed to determine the optimized noise margin M. Next, it is
analyzed for the sensitivilics of Lthe noisc margin to changes in device parameters which

would be:

Vie: The FET threshold voltage.
g4s: The saturation region slope parameter.
B: The transconductance parameler gain.

Its: The ohmic source resistance.

Most, circuits, however, are found Lo be morc scnsitive to the threshold parameter

V,,. The parameters are presumed Lo vary independently of cach other. Therefore the
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standard deviation (mean square variance) of the noise margin, M, is given by:

n
ME =3 (Rioy)? 27
i=1
Where R; represents the sensitivity of the noise margin to each device parameter z;, and
o; is the associated variance.

Finally the available noise margin is computed as:
AM=M*"— Mp; (2.8)

Where Mpn is the minimum acceptable noise margin, arbitrarily assumed 0.1V.

The electrical yield can be related to the ratio of the available noise margin AM to

the mean square variance M, by the following probability distribution function:

1 X X2
P(—Xl <X <X1)‘-= \/_Efx e:.':p(—-—2—)dX (2.9)
—H]
M
= — 2.
X =4 (2.10)
m:ﬁy @.11)

The above equations give the probability of finding the noise margin of a single inverter
within ZAM. The electrical yield of a circuit of N gates can be deduced from eq. 2.9
and is given by :

P(N) = P(X)" (2.12)

From the above expressions we see that if the value of X, is high, which is the case when
the available noise margin is high as for Si CMOS, or when the noise margin variation
is small as for Si Bipolar circuits, then the value of the integral wili approach unity i.e.
there will be a high yield. Fig. 2.9 describes the maximum yield that can be obtained
in a circuit of N gates which have a noise margin window centered at M* with & width
of 2AM. Table 2.1 shows that the projected number of functional gates at 50 percent
yield level for DCFL inverters with 0.22V noise margin at Vyg (enhancement threshold

voltage) of 0.2V and Viyp (depletion threshold voltage) of -0.9V, is 10,000 gates. But
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Vra(V) | Veo(V) | NM(V) | avi(mV) | AM/M, | # Gates
0.2 0.9 0.22 53 4 10K
0.3 -0.8 0.16 53 2 10-100
03 | -08 | 0.6 25 4 10K

"fable 2.1: Projecled number of functional gates at the 50 percent yield level {7]

when the mean threshold voltages are changed by only 0.1V then the projected number
of [unctioning circuits drops o a very small value (10 to 100) in Fig. 2.9. So, in order
Lo restore the previous yield of 50 percent, the variance on the threshold voltage must be
reduced.

So in designing a circuit one should scck a topology and an architecture that main-

tains sulliciently large noisc margins over the range of parameter variations.
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2.3.1 Contributions of Other Members of the Research Group

The analysis of the SCFL data done by Djadi [19], another member of this rescarch
team, showed that the cause of the drastically low electrical yield of Gallium Arsenide ICs
was the Output Cell caused by the wide spread of parameter variations over the 25 sites in
a wafer. The voltage high level at the output of the cell was not within the specifications

required by Silicon ECL input levels. This was observed in as many as half of the 25 sites.

Another problem revealed by this analysis was the latency problem in SCFL gates
that limits the operating speed of complex circuits. This latency which is similar to the
clock skew in clock buses, puts a limit to the number of gates in cascade and the com-

plexity of the circuit, hence it aflects the yield if a projected speed is set beforchand.

Both problems with Gallium Arsenide SCFL were again stated, however no solution

was found to either of them.

2.4 Motivation

Gallium Arsenide SCFL circuits are so far the fastest among digital logic circuits,
this high speed they offer is an important feature for telecommunications, space and mil-
itary applications. Unfortunately, the yield of Gallium Arsenide SCFL circuits is found

to be very low, which increases their chip cost, a fact that makes them unaffordable for

many applications.

In addition to material defects, the electrical yield is found dependent, on the poor
parameter uniformity which affects the gate performance. This parameter uniformity
affects the voltage swing, clock duty cycle and signal levels of the output SCFL cell, drop-
ping the yield, thereafter, to less than 50% even at low speed.

A remedy to this problem could be to improve the Gallium Arsenide technology and
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maintain a stringent control over all steps of Gallium Arsenide wafer processing, to insure
less parameter variations. However, this solution may take time and require more re-
scarch and funding, Gallium Arsenide being still 2 new material with some unpredictable

properties and its technology is not yet brought to the level of silicon technology.

The purpose of this thesis is to find a topology or a solution for the SCFL gate and
output cell that assure proper performances over the entire range of parameter variations
existent in a typical wafer. As a direct consequence the yield will be raised to an adequate
level. Our approach to deal with this subject and the solutions found are presented in

the following chapters.
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Chapter 3

SCFL Circuits at High Speed

This Chapter describes complex circuits composed of Source Coupled FET Logic.
First, in Section 1, we discuss the advantages of using a double-phase SCFL as a basic
logic circuit, especially from the point of view of the allowance for the variation of the
FET threshold voltage. A study of the electrical yield versus the threshold variations is
presented. In Section 2 we deal with the problem of signal latency encountered when
driving the SCFL circuits at high speeds. The problem is defined and solutions arec
suggested.

3.1 Double-phase and Single-phase SCFL

Among the various Gallium Arsenide logic circuits, Source Coupled FET Logic
appears to be one of the most promising circuit configurations for realizing production
level integrated circuits. As was previously shown is section 2.1.1, the compliance range
for the FET threshold voltage of the SCFL is very large compared with other FET logic
circuits because the logic switching level is not directly related to the FET threshold
voltage. In particular, double-phase operation of SCFL is highly tolerant to the FET
threshold voltage fluctuation within the wafer. In double-phase SCFL both the input
signal Vi, and its complement V, are supplied whereas, for single-phase operation, no

complement signal is supplied, but instead, a rcference voltage Vs is included to set up
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Figure 3.3: Test Circuit for Yield Calculation.

the switching level of the circuit [13]. The double-phase circuit can be easily implemented
using a serics gate configuration. Single-phase circuits, however, are easily realized by
using parallel FETs {2]. Both types of SCFL dual input OR/NOR gates are shown in
Fig. 3.1. Fig. 3.1(2) is a double-phase OR/NOR circuit using a series gating technique and
Fig. 3.1(b) is a single-phase circuit with parallel FETs. Fig. 3.2 shows an XOR/XNOR

circuit designed using both series gating and parallel FET techniques.

3.1.1 Yield of Double & Single-phase circuits

To compare the double-phase and single-phase techniques, a simulation was carried
out Lo estimate the tolerance to the threshold voltage variation. The test circuit chosen
was the ring oscillator shown in Fig. 3.3. A gaussian distribution is assumed ‘o repres.nt
the scattering of the threshold voltages of each FET in the circuit. 5, 10 and 20 mV
threshold voltage standard deviations are assumed respectively. As reported in {20], the
results show that the propagation delay is smaller in double-phase configuration (series
gate) than in single-phase configuration (parallel FETs). Furthermore, some single-phase
circuits did not function at all as the standard deviation of Vr is increased, while double-
phase circuits show stable operation over a wide range of Vr. In Fig. 3.4 the calculated

yicld of the double-phase circuits as opposed to that of single-phase circuits is drawn as
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Figure 3.4: Yield of the test circuit vs. Vr standard deviation.

a function of standard deviation of Vir. We see that while even 30mV threshold voltage
scattering is allowable in double-phase series gating circuits, the yield of single-phase

parallel FET circuits reduces to 75% at 15mV threshold standard deviution.

3.2 SCFL at High Speed

The double-phase XOR/XNOR. gate in Fig. 3.2 was simulated to determine its
maximum frequency of operation. Because of parameter variations from site to site in the
wafer, we expect to have a different frequency for each site. The resulting frequency plot

as a function of site position within the wafer is shown in Fig. 3.5.
Now, when driving more complex circuits, this frequency is expected to drop because

of the delay from gate to gate. For instance, a parity generator circuit consisting of three
XOR/XNOR gates is used to test the SCFL performances.
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Figure 3.5: XOR/XNOR Gate Maximum Frequency of Operation.

3.2.1 Latency Problem

The parity generator circuit is shown in Fig. 3.6 along with the input frequencies at
cach pin. When this circuit is driven with both high and low frequency signals, we are
fuced with a specific problem which is the latency problem [19]. The end result is that
we obtain an incorrect response at the output, in fact, for this input data a bit signal is

lost because a false pulse is generated by the XOR gate.

This problem is due to the fact that the gate with low input frequency is not allowed
to reach its maximum and minimum levels and the circuit changes state as soon as the
high frequency signal crosses the zero axis. The circuit will toggle again when the low
frequency signal crosses the zero axis later in time, as shown in Fig. 3.7. The width
of this false pulse represents the latency of that gate. If the latency is greater than the
delay of the gate, a false pulse is generated and, consequently, a wrong response will be
obtained at the output. Fig. 3.8 shows the latency generated by an SCFL XOR/XNOR

gate for all sites within the wafer.
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Effect on circuit frequency

The latency puts a limit to the maximum frequency of operation of the circuit, in
that the input frequency should be reduced in order for the circuit to function properly.
‘I'he new maximum frequency of the circuit is obtained from the maximum frequency of a
single gate used in the construction of the circuit, according to the following formula. [19]

(sce Appendix B):

: — fMa::
finMaz = 1+ 2nAT frree (3.1)

Where:

AT: is the latency time period
n: is the number of gates in series
fraz: is the maximum frequency of a single gate

JinMaz: is the maximum frequency of the circuit

Fig. 3.9 gives the maximum operating frequencies of the parity generator circuit versus

site position and Fig. 3.10 shows its yield versus frequency.
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3.3 Solution to the Latency Problem

If we look at the series gate XOR/XNOR circuit in Fig. 3.2(a), we see that the signal
A encounters three FETs in series, on its way down to the Vj, potential line, whereas signal
B encounters only two FETs. Hence, the output signal derived from signal A will take
more time to reach its minimum and maximum values than the output signal derived
from signal B. It is advisable then, to forward the low frequency signal to input pin B
and the high frequency signal to input pin A. By doing this we are increasing the delay
of the fast signal while reducing the delay of the low frequency signal. The result is a net
decrease in the delay time between the crossing points of the zero axis by both output
signals, in other words, a net decrease in the latency time as shown in Fig. 3.11. Note
that, even if a very short pulse is generated, it will not be, in our case, recognized by the

next consecutive gate or circuit.

The signal obtained at the output of the parity generator circuit was not clean and
the voltage levels were slightly low, so we increased the size of the source follower buffer
FiETs in Fig. 3.2(a) from 20um to 30um to give the circuit more driving capability. The
latency is reduced to a point where it does not affect the functioning of the circuit. The
new latency time period obtained in each site of the wafer is shown in Fig. 3.12 in addition
to the original one. We note that a one sixth () reduction is realized, which converts
Lo an improvement beyond 75% in latency time. This high reduction in latency induces
an important improvement in frequency of operation of the circuit in all sites as shown
in Fig. 3.13, where we notice up to 40% increase compared to the original case. Now the
parity generator circuit frequency approaches very much that of a single XOR circuit (see
Fig. 3.5). The new yield graph of the parity generator is shown in Fig. 3.14 along with

the original yield curve for comparison.
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Effect on circuit complexity

Since the lateney time period is divided by six, it means that either the input frequency can
be highly increased as shown above or if the frequency is kept unchanged then, according
to Eq.B.6, the circuit complexity (number of gates in series) can by multiplied by up to

6 times safely, i.e. without affecting the circuit response.

34



AR LT R RN RN ARRNNY
RS SRS //./.r//.//.///./////
S N S S S SO CCT
SRR VR RO R R OOV R R NN AR

[
AR RRES L L SN A
R R e S SN N ../.l.l///./.f/.l/./’////‘
e i R e N SRS L L L ALY
RS LEE AL AR L LS LR LR LA LA N
A AR LR LR NN
R R R
.

S LA R ATERTLIAANANRRNNAY

T T R O R RV OO R RN
D R R e A AL LAY
T R B R R N e R A L RS S

R A A A NN

D e N R L

SR R R R R R R AR R R R OO

Y

EEEEEEEEE RS U R R MR AR R AT ALY
)

e R e A G LR LA

NN RO RN

M Lat-original

™ - [=]

(zHO) beay 3nduj

Lat-tmproved

P
o

2 34678 91011121314151617 18192022 232425

Site position

freq. of the Improved and Original Parity gencrator.

Maximum

Figure 3.13

35



100

rom=—3=—=  Qriginal-Lat
wme—g—= Improved -Lat
BO
e )
- 60 L ]
© 1
2 p
> p
40 = p
[ J
]
207 h !
p
0 T T T T T T T | L) T | T L)
14 1.6 1.8 2.0 2.2 24

26 28
Input freq. {GHZ)

Figure 3.14: Yield of the Improved Parity generator vs. frequency.

36




Chapter 4

ECL-Compatible GaAs SCFL
Output Cell

In this chapter an ECL-Compatible Gallium Arsenide SCFL output cell is analyzed
to identify its associated problems and weakest points, and a solution is presented. In
Section 1, the characteristics of the most common Silicon ECL circuits are considered.
Section 2 deals with the limitations and problems encountered so far with the Gallium
Arsenide output cell used at BNR. These problems that affect the electrical yield are:
duty cycle below the required limit and output voltage levels out of specification. In
Section 3, our approach to solving this problem is presented, & solution is offered and the

results are discussed.

4.1 Silicon ECL Characteristics

Emitter Coupled Logic (ECL) using bipolar technology is a non-saturating form
of Silicon digital logic permitting high speeds of operation. ECL ICs are presently the
fastest among Silicon ICs and widely used in various high performance digital circuits [16].
The basis of all ECL circuits is the non-saturating current switch, also called the emitter

coupled pair, shown in Fig. 4.1.
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Figure 4.1: Emitter Coupled Pair Configuration,

Fig. 4.2 shows the schematic of the most popular form of ECL, produced by many
manufacturers and known as the 10K Series. A listing of the typical electrical character-

istics for the 10K Series 2-input OR/NOR gate is given in Table 4.1.

Another advanced and more improved form of ECL circuits is the 100K Series shown
in Fig. 4.3. The circuit is similar to that of the 10K Series except that a transistor current

source 4 is used in the emitter-coupled current switch, and back-to-back diodes D; and

Von/Vor 0.9 V/-1.7 V || Fan-out 10
Vin/Vi -1.2 V/-14 V || Supply volts -5.2
NMy/NMy, |03 V/0.3V | Power dissipation per gate | 24 mW
Logic swing | 0.8 V Propagation delay time 2 ns

Table 4.1: ECL 10K Series typical electrical characteristics {14).
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Figurc 4.2: Schemalic of ECL 10K 2-input OR/NOR. gate [14].
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Figure 4.3: Schematic of ECL 100K 2-input OR/NOR gate {14].

"

1), wilh resistor I2, are conneeled between the complementary outputs ol Lhe emitier pair.

Another important modification added is the Vg supply which has been changed to -4.5V

in order to reduce the power dissipation of the circuit. The 100K Series OR/NOR gate

oller a typical propagation delay time of 0.75 ns, with an increase in power dissipation to

4.2 Requirements and Constraints of the SCFL

Output Cell

Although the high-speed capability of Gallium Arsenide enhancement/depletion

(13/D)-MESFET technology is well established [20], [21], [23] most circuits reported to

date have been limited by low output vollage swings when driving a 5092 load. Because
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Figure 4.4: Test circuit for ovtnut voltage level measurements

most system applications of Gallium Arsenide integrated circuits will require interfacing

with Silicon circuits, ECL compatibility is an extremely important feaiure.

Several SCFL circuit design methods have been proposed [13], {20], [23] but most
of them mainly focused on how to improve the SCFL operational frequency without
considering compatibil'ty to ECL circuits. A study of compatibility with ECL in terms of
power supply voltage was reported [22], [24]. In this thesis we discuss ECL compatibility

in terms of output voliape levels, voltage swing, and output clock duty cycle.

4.2,1 Output voltage levels and voltage swing

It order for the SCFL output cell to be compatible with ECL circuits, it has to have

output voltage levels within the range of permissible levels required to drive ECL gates.

This range is known to be:

-2 < Vor < ~1.62 ;Vo,: Low logic voltage level.
—0.98 < Vog < -0.5 ;Von: Highlogic voltage level.

The actual logic voltage levels Vo, and Voy obtained from the output cell driven by an
SCFL inverter as shown in Fig. 4.4, are given in Table 4.2. Figures 4.5 and 4.6 show the
spread of these two parameters as a function of site position in a wafer.

A simple way to estimate the electrical yield of the SCFL circuits with the output cell

41



Site High Voltage | Low Voltage | Voltage Swing | Duty Cycle
Position VH(V) VL(V) VH(V)-VL(V) %
1 -1.658 -1.937 0.279 < 10
2 -0.963 -1.922 0.959 43
3 -0.959 -1.921 0.962 43.4
4 -0.967 -1.922 0.955 423 |
6 -1.013 -1.929 0.916 39.5
7 -0.958 -1.912 0.954 43.9
8 -0.948 -1.861 0.913 45
9 -0.937 -1.893 0.956 45
10 -1.001 -1.908 0.907 38.5
11 -1.006 -1.908 0.902 42
12 -0.958 -1.905 0.947 43.6
13 -0.942 -1.891 0.949 46.3
14 -0.938 -1.858 0.92 46
13 -1.034 -1.968 0.934 41.9
16 -0.974 -1.906 0.932 40.7
17 -0.993 -1.931 0.938 41.3
18 -0.968 -1.906 0.938 44
19 -0.961 -1.906 0.945 43.2
20 -1.837 -1.887 0.05 < 10
22 -1.007 -1.896 0.889 41.3
23 -1.001 -1.914 0.913 42
24 -1.748 -1.881 0.133 < 10
25 -1.493 -1.787 0.294 < 10

Table 4.2: Measurements obtained from old Output Cell.
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would be to consider a circuit accepted if the output voltage levels lie within the interval
of ECL levels. From Table 4.2 we see that the low voltage level is ECL compatible in
all sites of the wafer The high voltage level Voy, however, is within the ECL interval
in only 12 sites. This means that only circuits in those 12 sites will be ECL compatible
in terms of output voltage levels. This problem decreases the electrical yield of Gallium
Arscnide SCFL circuits to as low as 48%. Note that most of the bad sites lie in the
corners of the wafer as shown in Fig. 4.7. The electrical yield of SCFL inverters versus
frequency considering the ECL output cell levels can then be determined based on the
site {requency histogram in Fig. 4.8, and is shown in Fig. 4.9. So the maximum yield
that could be achieved with this ECL output cell is only 48% at the lowest frequency of

operation.
The voltage swing is quite good, above 0.88 volts, except for sites 1, 20, 24, and 25

which are already discarded because of the high output voltage Vo did not conform to

spccifications.
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4.2.2 Duty Cycle

Another problem with the Gallium Arsenide SCFL low speed output cell is that
the clock output duty cycle drops below 45%, this is another reason for getting very poor
yicld. A suitable clock duty cycle is required for proper detection of the signal logic by the
loading ECL circuit. The duty cycle specification is to get a high clock output between
45% and 55% of the total clock cycle. Measurements for calculating the duty cycle are
made at the average point of the output signal. Fig. 4.10(a) shows the expected transfer
function for getting a proper duty cycle. However what we have is an incorrect transfer
characteristic as shown in Fig. 4.10(b). The measured duty cycle as a function of site
position in the wafer is shown in Fig. 4.11. A new curve in Fig. 4.12 representing the yield
of SCFL circuits can be obtained, then, considering the output clock duty cycle criteria.
This figure reveals that the electrical yield further drops to 16% at lower frequency. We
note again that all the good sites are grouped in the center of the wafer, which is consistent

with the fabrication process being radial.
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Figure 4.12: Yield of SCFL inverters vs. Frequency, considering Duty Cycle.
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4.3 Solution Suggested

From the above section we conclude that the present Gallium Arsenide ECL output
cell is really handicapped in terms of both duty cycle as well as output voltage levels
that are out of specifications in most of the wafer sites. This causes the electrical yield
of SCFL circuits to drop to 48% if one considers only output voltage levels and as low as
16% considering both output voltage levels and clock duty cycle.

The output FET, in Fig. 2.5, has a width size of 192um and consists of 6 30um
FETs in parallel. We tried first to figure out the effect of this transistor on the cell as

follows:
s When we reduce the size of FETy to 175um, the high output voltage gets worse.

¢ When we increase the 192um FET to 222um, we get a better high voltage level but

the clock duty cycle falls out of specification.

So the output FET is properly set for normal operation.
We thought also about changing the 20um drivers FET; and FET; of the output

IECL cell in Fig. 2.5. The simulation results yields the following conclusions:

o With 30um drivers, the rise time gets worse and the high output logic gets slightly

worse too.
o With 10um FETs, the output cell does not function properly in all sites.

So 20um for the drivers looks like some sort of optimum.

4.3.1 Sensitivity to common mode signals

Let’s state the input signals V; and V5 = V] in terms of the differential and common

mode signals Vpp and Vopy respectively. We have:

Vi= +¥uM 4y,
{ ‘ z +Vou 4.1)

Vo= —-Y%“ + Veum
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We have also from the circuit model configuration in Fig. 2.3:

Vi= Vo, + V.
{ ! gnnre Vs, + Vs, = 2Voum — 2Vs (4.2)

V2= ‘/gsn'l"/c

Now, in order to determine the differential and common mode gains, we use nodal analysis

to find first the current equations of the output cell circuit in Fig. 2.5, as follows:

4

VtVps  _ VatVyss
GmgVass + n".u,, = Gmy Vs — Tdu

Vo+-V, o5
Gy Vgas + .-d,g = -
4 5

V; Vo _
--gml‘/g’l-l-;:‘-‘n;--*-'ﬁ:- — —

1 Ve Ve+Voa _
L =Gmy Vg + 77~ — Grma Vgsy + 73?& -

(4.3)

sk 2= g

Replacing Vg, by its value ‘—’%M + Vou — Ve, in Eq. 4.3 we get:

_gmy (B 4+ Vou) - 72

1%
© gmi + 7

(4.4)

From equation 4.3 we can find V,,; in terms of Vj:
1 1
— + —
Vgss = —Vorritt- (4.5)

Gms T 7r
If the differential pair formed of FET, and FET; is made of neighboring FI5Ts, onc can
safely assume that gm, = gm, = gm and ras, = 74y, = 4. Using this assumption and
substituting Eqgs. 4.4 and 4.5 in eq.. 4.3, we end up with the following equation:

gmR4 1+ 2gmR, + 28

T3 0.+ &VCM + gmRa Tv 0Bt ﬁ’:" Vou = —VoA where, (4.6)
Tds maEE T re,

W + - + = e
_ 9m+R‘+,.d.+_R_4R¢ deg (4.7)

—gm+3%:+%.' rd:gmu'l‘,'.f‘:

A

From the above equation, the differential and common mode gains Apa and Aca respec-

tively, are deduced: .

G e gmR, + &1 (1.8)
ngd

- _ 4.9

Acm Al + gmBt, + E) (4.9)
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We note that FETs model characteristics ¥gs;, gms, and Tagy show up only in the factor
A whether in the differential or the common mode gain, which means that this transistor
amplifies both differential and common mode signals in the same way. This, though, can
be inferred directly from the circuit configuration of the output cell. R, and Ry are the
drain resistance in saturation (r4,) of the pull-down FIET; and pull-up FET} respectively.
The common mode rejection ratio (CMRR) which is an important figure of merit param-
eter, can now be determined from the above results as follows:
CMRR = Aou =1+2gnRs+ 2& (4.10)
Acm Tds
The parameters gn, R,, R4, vys, 8nd 74, are determined from the circuit model equations
used for simulating the circuit. The model used is based on the Statz model {27] which is
a cubic approximation of the Curtice model. This is one of the models used in the Hspice

circuit simulator [28]. The current-voltage relationship which characterizes this model is

given in Appendix A.
gm and ry, are given by:
oI,
gm = W, lvps=constant (4.11)
And:
OV
Tds = A I lves=constant (4.12)

As an example we calculated the differential and common mode gains at the DC operating
point voltages obtained when simulating the output cell using the Hspice circuit simulator.

These turned out to be:

Apy = 27dB
Acu = —-14.7dB

This gives a CMRR of 42dB which is not high compared with the CMRR of an operational
amplifier [26).
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4.3.2 Solution and Results

The small CMRR value found suggests that the output cell under study is sensitive
to both differential as well as common mode input signals. This further suggests that the
cell is dependent on the input levels which determine, to a certain extent, the amount
of common mode signal. To find the right input level which drives the cell properly, we
designed an input buffer inspired from the SCFL basic inverter circuit, that has lower
output voltage levels found consistent with the output cell requirements.

Driving our ECL output cell with this special buffer shown in Fig. 4.13 assures proper
biasing of all cell FETs and consequently proper performances of the Gallium Arsenide
SCFL output cell as of ECL compatibility. This buffer which is also an SCFL inverter,
has 2 more shifting diodes in the output source followers to bring the signal down to the
appropriate level sought for our application. The diodes have 15um width size each, with
a channel length of 1um, which is the original size of all other diodes. More description
of the diodes follows in Appendix A.

The results obtained, output voltage levels, voltage swing and clock duty cycle, using
this buffer when simulating the ECL output cell are shown in Table 4.3. As indicated by
these data, most of the sites now are performing properly, since the high output voltage
Vou is within the ECL interval. Figure 4.14 shows both the old and the new high output
levels. The low output level Vo, even though it is shifted up from its previous value
(& —1.9Volts), it is still within the ECL interval. This slight increase in Vo, docs not
reduce the voltage swing of the output signal, in fact, the voltage swing has been further
improved. Actually the slight shift in Vo, was accounted for by a bigger shift in Vo,
clearly seen in Fig. 4.14, and as a result an increase from 2% to 80% in voltage swing has
been achieved over the 23 sites. As for the output voltage levels, the clock duty cycle has

also improved and is within the specifications in all those sites. An improvement of about
40% is obtained.
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PREVIOUS NEW

Site | High Voltage | Low Voltage | Volt. Swing || High Voltage | Low Voltage | Volt. Swing

Pos. VH(V) VL(V) VH-VL (V) VH(V) VL{V) VH-VL (V)
1 -1.658 -1.937 0.279 -1.048 -1.996 0.948
2 -0.963 -1.922 0.959 -0.863 -1.851 0.988
3 -0.959 -1.921 0.962 -0.862 -1.852 0.99
4 -0.967 -1.922 0.955 -0.853 -1.821 0.968
6 -1.013 -1.929 0.916 -0.899 -1.869 0.97
7 -0.958 -1.912 0.954 -0.873 -1.856 0.983
8 -0.948 -1.861 0.513 -0.886 -1.808 0.922
9 -0.937 -1.893 0.956 -0.853 -1.815 0.962
10 -1.001 -1.908 0.907 -0.882 -1.858 0.976
11 -1.006 -1.908 0.902 -0.941 -1.923 0.982
12 -0.958 -1.805 0.947 -0.872 ~1.847 0.975
13 -0.942 -1.891 0.949 -0.879 -1.829 0.95
14 -0.938 -1.858 0.92 -0.885 -1.811 0.926
15 -1.034 -1.968 0.934 -0.948 -1.975 1.027
16 -0.974 -1.906 0.932 -0.881 -1.891 1.01
17 -0.993 -1.931 0.938 -0.881 -1.864 (0.983
18 -0.968 -1.906 0.938 -0.888 -1.856 0.968
19 -0.961 -1.906 0.945 -0.864 -1.839 0.975
20 -1.837 -1.887 0.05 -1.232 -1.941 0.709
22 -1.007 -1.896 (0.889 -0.939 -1.923 0.984
23 -1.001 -1.914 0.913 -0.922 -1.941 1‘.019
24 -1.748 -1.881 0.133 -1.148 -1.948 0.8
25 -1.493 -1.787 0.294 -0.975 -1.867 0.892

Table 4.3: Measurements obtained from new and old Output Cell.
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Figure 4.16: New Yield of SCFL inverters vs. Frequency

A new wafer drawing can then be made, to show functional and non-functional sites
as was previously done. For the sake of comparison both wafers are drawn in Fig. 4.15.
This figure clearly shows that 20 sites are now available, instead of 12, to build Gallium
Arsenide SCFL ECL compatible circuits in terms of power supply, voliage levels, voltage
swing, and clock duty cycle. Let the SCFL electrical yield curve shown in Fig. 4.9 be called
oldYield. The new SCFL electrical yield curve labeled newYield is drawn in Fig. 4.16.
This new curve shows that the electrical yield of SCFL: ECL compatible circuits is now
as high as 80% compared to 48% previously, at the output cell frequency of operation.

When we consider the duty cycle as a second criterion in finding the electrical yield,
the number of functional sites is 19 compared to 20 sites in the initial case. The yield
then is still high with a 72% value, whereas it was only 16% as stated in section 4.2.2.
Both previous and new yield curves considering the duty cycle are shown in Fig.4.17 as

old-Yield and new-Yield respectively.




a0
——— gld-Yield
—_——  new-Yield
60 -
3
o 40
2
S
20 -
a\i_:___
Ny —
0 T . T T \ T —T g
2.4 26 28 3.0 3.2 3.4

Max Freq. (GHZ)

Figure 4.17: Yield of SCFL inverters considering Duty Cycle.

"Two choices are possible to implement the above mentioned solution. Firstly, all
SCFL inverter cells in all circuits could be modified, but this means increasing the size of
all circuits by adding extra diodes which will decrease the chip integration and may affect
the gate speed at high frequencies. Secondly, and most appropriately, which is suggested
here, is to use this special buffer only once in the circuit to drive the low speed:- ECL

output cell.

4.3.3 Effect on Circu.t Complexity

In the yield study done so far, only one site at a time was taken into consideration,
and the yicld was estimated according to the number of functional sites. Each site contains
about 100 SCFL cells, if we assume a functionality of 4 for SCFL cells, this will be
cquivalent to 400 gates.
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Figure 4.19: Yield of SCFL inverters vs. Frequency with 2-site complexity.
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Figure 4.20: ECL-Nonfunctional sites in the wafer for 3-site complexity.

Suppose that we want to fabricate SCFL circuits of 200 cells, then we will have to
use two sites at a time, In doing so, some of the individual ECL functional sites will be
nonfunctional when taken with a nonfunctional site. Therefore the yield is expected to
drop, as the complexity increases. From Fig 4.18 we see that the maximum number of
functional circuits with an ECL interface will be 7 out of 12 that is the best yield will be
58% instead of 80% when taking one site at a time. This is a decrease in yield, however,
an improvement of 66% is obtained over the previous case where the best expected yield
was only 35%. The yield versus frequency characteristics for the new complexity is shown
in Fig 4.19. The idea used in drawing these characteristics is that if we take two sites with
different maximum opecrating frequencies, then the maximum operating frequency of the
new higher complexity site will be equal to the minimum of the maximum frequencies of

the two sites.

If we increase the complexity and take three sites at a time which will be equivalent
to 600 cclls per circuit, there will be 4 ECL functional sites out of 8, as shown by the

non-shaded sites in Fig. 4.20. Consequently, the maximum yield that can be achieved will

58



60

S0 o

40

30 4

Yield R

20 4

v v Y v T v v
25 2.6 2.7 2.6 29 3.0
Max Freq. (GHZ)

Figure 4.21: Yield of SCFL inverters vs. Frequency with 3-site complexity.

be 50%. Using the same idea as for the previous case, a new yield versus frequency char-
acteristic is drawn in Fig. 4.21. Here again the electrica! yield for three level complexity
is increased from 37.5% to 50% which in a considerable improvement. Previous and new
1, 2, and 3-site complexity yield curves are superimposed in Fig. 4.22 for comparison.

A conclusion to this chapter is that the problems of the SCFL output cell as not
being ECL compatible in most parts of the wafer have been solved. The cell output
voltage levels and clock duty cycle are within specifications and the electrical yicld has

been highly improved.
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Chapter 5

Conclusion

In this thesis a solution to the silicon ECL compatibility of Gallium Arsenide SCFL
VLSI circuits, in terms of output voltage levels, voltage swing and output clock duty cycle,
was presented and the yield was highly improved. A bufler circuit was designed to drive
the Gallium Arsenide ECL output cell. The simulation results proved the effectiveness
of the use of the buffer circuit since the electrical yield was raised to 80% while it was
only 48% previously. With this solution, the parameter non-uniformity does not affect
the functioning of the SCFL circuits in most of the waler sites. Furthermore, the duty
cycle of the output ECL cell was brought within specifications in ninetcen (19) sites,
whereas before, only four (4) sites were accepted when considering duty cycle as a second

determining factor in calculating the electrical yield. In summary we have:
e 20 sites have correct ECL voltage levels vs. 12 sites previously.
¢ 19 sites have acceptable clock duty cycles vs. only 4 previously.

The solution was proven effective also when considering high complexity SCFL cir-
cuits, where more than one site is needed to build the required circuit. In this casc the
calculated electrical yield was highly improved even for three site-complexity Gallium Ar-

senide SCFL circuits.
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The double-phase series gating SCFL circuit design method was proven to be more
resistant to the threshold voltage fluctuations than the single-phase parallel FET design
method. Therefore, the double-phase series gating design method was chosen to make
our circuits for this research.

The latency problem, which occurs when the SCFL circuit is driven at both high
and low frequency signals, was solved. In fact, the latency time period was reduced by
one sixth from its previous value and consequently the circuit maximum frequency of
operation was highly improved and the circuit complexity was increased by up to six

times. So we have:
e 75% improvement in latency time period AT
e up to 10% increase in frequency of operation

For more complex circuits, where a large number of gates are connected in series, the
latency time period will accumulate from gate to gate and can affect the circuit response.
In this case, it is advisable to use retiming fip-flops to synchronize all signals by a single
clock signal. This way, the latency will disappear and start accumulating again from a
zero value until the next retiming flip-flop, if required. Further research should consider
the caleulation of the exact number of gates after which synchronization of the signals is
required and where, in the wafer, a flip-flop can be introduced.

Another alternative to design SCFL ECL compatille circuits is to use SCFL output
levels instead of Silicon ECL levels, and design a Silicon circuit with an SCFL compatible
input port and an ECL compatible output port. Other interesting topics consist of per-
forming the same study done here, ECL compatibility of SCFL circuits, for other Gallium

Arscnide logic families.
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Appendix A

Transistor and Diode Models

The simulation of high speed Gallium Arsenide integrated circuits requires the use of
accurate models for the active devices and for passive circuit elements. For our rescarch
we used a popular circuit simulation tool for IC design which is HSPICE!. At room
temperature the SCFL circuits were functioning as required, so to account for temperature
changes and parameter variations with temperature we ran simulations at the worst case
temperature 150 degrees celsius. The models for Schottky barrier diocde and Gallium

Arsenide MESFET transistor are presented in the following scctions.

A.1 Transistor Circuit Model

Because of the limited voltage swing and low power requirements of Gallium Ar-
senide logic circuits, an accurate dc model over all operating regions is especially critical.
Many MESFET models were reported in the literature [10], [27], [28]. Fig. A.1 presents
a schematic diagram of the equivalent circuit commonly used to model the Gallium Ar-
senide MESFET device. The controlled current source, Ip(Vgs,, Vs;), at the center
constitutes the key element for the de model. It produces a drain current that is depen-

dent on the internal gate-to-source (GS) and gate-to-drain (GD) voltages across the two

THSPICE: Circuit simulation software, a product of Meta-Software, Inc. 1300 White Oaks Road,
Campbell, CA 85008
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junction diodes. This model in an improvement of the JFET model, modified to accom-

modate more accurately the Gallium Arsenide MESFET.

It is a cubic approximation of the Curtice model [27] and is represented by the

following equations:

Let:
Vest = Vs — (Vio + D5 * Vps) (A.1)
The drain current is given by:
For: Vosr < 0
Ips =0. (A.2)

For: VGST >0,Vps < %

Ios =g Visr(1 + 2ps) [1 - (1 - 2227) (A3
For: Vgsr > 0,Vps > %
Ips = ﬁ,,,vgsr(l + AVps) (A.4)
Where:
Pess = 11 f— UI:-, -A;I/GST) (A-5)
And:

Vio: is the threshold voltage.

vps: is the drain voltage induced threshold voltage lowering coefficient.
B: is the transconductance parameter gain.

a: is the saturation voltage parameter.

A: is the channel length modulation parameter.

Ucrie: is the critical field parameter for mobility degradation.

W and L: are the MESFET width and length respectively.

M: is the number of fingers.

Table A.1 shows most MESFET model parameters used in the Hspice simulator with
typical values.
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" Name | parameter

Units | Typ. Value "
Vio Threshold voltage Vv -1.128
B Transconductance parameter Afv? 120.3e-6
A Channel length modulation parameter | 1/V -23.62¢-3
a Saturation voltage parameter 1/V 3.732
Rg Gate ohmic resistance P) 8.3
l Rs Drain ohmic resistance 1 774
Rs Source ohmic resistance Q 774
vps | Drain voltage, induced threshold - -67.16e-3
I voltage lowering coefficient
Uait | Critical field for mobility degradation | cm/V 0.288
Is Gate junction saturation current A 73.0e-15
n Gate junction ideality factor - 1.14
Ccs | Zero bias GS junction capacitance F 906e-18
Ccp | Zero bias GD junction capacitance F 150e-18
Cps | Drain to source parasitic capacitance F 220e-18
Var Gai2 diode built-in voitage \'% 0.9

Table A.1: Hspice model parameters for GaAs MESFET
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Figure A.2: Schottky Barrier Diode equivalent circuit

A.2 GaAs Diode Model

The diode we used for level shifting in SCFL circuits is one of the high performance
components available in Gallium Arsenide IC technology and known as the Schottky
barrier diode (SBD) [15]. Fig. A.2 shows the diode equivalent circuit used in the Hspice

simulator. The characteristic equation modeling the diode is:

Vb,
Ip=1Is [exp (%—i;%) - 1] (A.6)

Where:

I,: is the diode saturation current.
n: is the ideality factor.

k: is Boltzmann’s constant.

T: junction temperature in Kelvin.

The above equation is for an ideal diode. To account for the series resistance which is

due to the contacts, neutral n-GaAs, and current crowding at the edges of the contacts,
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the following equation is used to incorporate this series resistance by defining Vp; as:

Vpi=Vp—1Ipfs (2.7

Where:
Ip: is The current through the diode.
Vp: is the voltage across the actual diode.

Rg: is the total parasitic diode resistance.

68



Appendix B

Latency Effect on Frequency

The effect of latency on the maximum frequency of operation of the circuit can be

scen through this simple mathematical formula reported in [19]. Let AT be the latency

time period, and Tp;y be pulse widt: of the high frequency input for a XOR gate, then

the output pulse width will be:

Teour = Tpin — AT
So, for an input signal of period T}y, where:

v =2Tpsy
The output signal period will be Toyr, where:
Tour = 2Tpour = 2Tpin — 2AT

Substituting Eq. B.2 into Eq. B.3 we get:

Tin = Touyr + 2AT

In terms of frequency, Eq. B.4 yields:

i = Jour
N =T 2AT four

1

Py — o -
Where: finy = 7=, and four = g

(B.1)

(B.2)

(B.3)

(B.4)

(B.5)

For a gate whose maximum frequency of operation is fyr4x, the maximum input frequency,
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taking the latency into account, can be deduced from Eq. B.5 by just repiacing four by

fMAX; which gives:
_ fmax
Smmax = 28T forax) (B.6)

From equation B.6, and assuming that the latency accumulates {rom gate to gate, we can

find the maximum frequency of operation for a circuit of n-levels of XOR gates, as follows:

_ Smax
fimMax = 7250 AT [ (B.7)
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