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Absfract

In this thesis a comparison of two gallium arsenide digital logic families, direct-coupled
FET logic (DCFL), and source-coupled FET logic (SCFL) is presented. Then, a study of
the electrical yield characteristics of gallium arsenide SCFL circuits is done according to
the following parameters: The maximum frequency of operation, the compatibility with
ECL in terms of logic levels, the circuit architecture, and the complexity. This study is
carried out taking into account the presence of parametric variations as obtained from
measurements from a typical wafer.

The compatibility with ECL is found to be the determinant factor on the maximum
achicvable yield. The circuit architecture and corni)lexity, on the other hand, are found
to have a significant effect on the maximum circuit speed that can be achieved for the

maximum yicld.
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Chapter 1
Introduction

Since the carly days of semiconductor technology a number of different materials have
been studied with a view to investigating phenomena that may lead to significant new
devices. Since silicon is the most widely used and reliable semiconductor material, then
any new material must be significantly better than silicon, or else must possess some
desirable property not found in silicon. Of all new materials the one that has received
most attention to date is gallium arsenide (GaAs) which is regarded as the second most

important electronic material after silicon [1].

1.1 Advantages of Gallium Arsenide

Since Lhc late 1960s, gallium arsenide technology has been used in the areas of monolithic
microwave and millimeter wave devices. In 1974 the use of GaAs MESFETSs in digital ICs
began with some relatively high power, high speed SSI divider circuits and has developed
over the years to well established LSI technology with some inroads into the VLSI arena (3].
The reason for the interest in gallium arsenide for digital integrated circuits lies in the
nature of its basic band structure. Compared to silicon, several technical advantages may

be identified (2], (3], [6):

e Gallinm arscnide can be fabricated in a semi-insulating (SI) form, because it has a

larger bandgap (1.43¢V) than silicon (1.1eV). A direct result of this is the reduction




in capacitive parasitics and superior high temperature performance.

e Gallium arsenide is a direct band gap semiconductor meaning that the minimum
separation between the valence band and the conduction band occurs at the same
momentum. As a result of this gallium arsenide can be used very efficiently in

converting electron-hole pairs into light. Therefore it is a very. good optoelectronic

material.

¢ Gallium arsenide has a low field electron mobility which is about 6 times higher than
that of silicon which means that at low electric fields the electron drift mobility is
quite high providing low resistivity in thin film layers and high electron velocity at
low applied voltage. This results in the reduction of parasitic resistance and time

delay.
In addition to the above advantages gallium arsenide has [4]:

o Iligh speed and low power.

Low thermal noise.

[ixtreme temperature operation.

High radiation tolerance.

Integration with detection.




1.2 Limitations of Gallium Arsenide

Although gallium arsenide has many advantages over silicon it still has its own limitations
which reprgseht the main obstacles that stop it from being competitive to silicon. These

limitations are {2], [3], [4]:

1.2.1 Material limitations

e Poor native oxide.

High defect density.

Lower thermal conductivity.

Relatively volatile.

Expensive.

1.2.2 Process limitations

The processing problems inherent to gallium arsenide come from the fact that it is a

compound semiconductor. As compared to silicon:
e lon implantation is harder to control in gallium arsenide.

e Callium arsenide has substitutional sites, therefore an implanted ion may act as a

donor or acceptor.

e The annealing of an implanted layer is more complicated since the group Il and V

impuritics have different vapor pressures, chemical properties, and melting points.

e The clectrical behavior of the background impurities and defects in the substrate is

less predicrable.

3
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1.2.3 MESFET limitations

e Frequency dependent small signal conductance.

Drain current transients with time constants on the order of seconds.

Poor absolute accuracy and pair matching.

Backgating and sidegating between devices.

Piezoelectric effects and light sensitivity.

1.3 Motivation

As a result of the imperfections described above, gallium arsenide devices exhibit more
variations in their electrical properties from ingot to ingot and wafer to wafer than would
be aceeptable in the silicon MOS process. This will cause variations in the circuit char-
acteristics: ¢.g. signal levels, noise margin, rise time, fall time, and delay, from wafer to
wafer and across the wafer itself. This nonuniformity in circuit characteristics will set a
limit on GaAs VLSI circuit complexity. However, further increases in complexity will be
necessary if gallium arsenide is to play a major role in very high speed computers. Thus
a close study of the effect of parameter nonuniformity on complexity and yield of gallium

arsenide circeuits is needed.

This thesis will investigate the effect of variations in process parameters on the
performance of GaAs SCFL circuits, and give an estimation of the Yield versus Speed
for different complexities and circuit architectures using real data obtained from a typical
wafer. The yicld under consideration here is the electrical and not the process yield, which
means that the predicted yield will be the maximum yicld that can be achieved assuming

no deffects; and no interconnect problems.




1.4 Outline of the Thesis

In chapter 2, the MESFET transistor and Schottky barrier diode models used throughout
the thesis are described.

In chapter 3, a description of the widely used gallium arsenide digital circuit families is
given along with a comparison of the most important characteristics of the two widely used
gallium arsenide logic families, the Direct Coupled FET Logic (DCFL) and the Source
Coupled FET Logic (SCFL).

In chapter 4 a discussion of sample wafer data from BNR! is presented with a description
of the methods used in model parameter extraction. Also, the characteristics of the SCFL
gates from the 25 sites on the wafer are described. Then, a detailed study -of the yield of
SCFL circuits is presented.

In the last chapter a summary of the most important steps in yield prediction is given,
then some ideas for future work are presented. The thesis is completed with a conclusion

about the contributions of this work, and possibilities for future work.

HINR: Bell-Northern Research Lid, P.O.Box 3511, Station C, Ottawa, Ontario, Canada, K1Y 4117




Chapter 2

Gallium Arsenide Device Modeling

The accuracy of device models used in circuit simulation is the most critical aspect of
circuit design. Inaccuracies will lead to incorrect prediction of circuit performance. Com-
puter simulation is in fact only as accurate as the equations used for circuit elements.
These equations must be a compromise between accuracy and excessive computation
time. In this thesis HSPICE! will be used as the simulation tool for. the rescarch, and in
the following pages the models of the two gallium arsenide devices used in our circuits

will be described: The Schottky barrier diode, and the MESFET.

2.1 Schottky Barrier Diode Model

The Schottky barrier diode (SBD) is widely used in the design of gallium arsenide digital
circuits and it is especially used as a level shifting element in SCFL circuits. The main
characteristic that distinguishes the Schottky barrier diode from the p-n junction diode
is that the SBD is a majority carrier device, while the p-n junction diode is a minority
carrier device. In spite of this major difference, the current-voltage relationship is still

accurately described by the ideal diode equation [5):

ITISPICE: Circuit simulation software, a product of Meta-Software, Ine. 1300 White Oaks Road,
Campbell, CA 95008

6




1o = 1z forp (22¢) -1 @
Where:

I4: 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. Since any practical diode has a series resistance
duc to the contacts, neutral n-GaAs, and current crowding at the edges of the contacts,

the above equation is modified to incorporate this series resistance by defining Vp ; as:

VD,i =Vp—IpRs (2.2)

Where:
Iz is The current through the diode.
V),: is the voltage across the actual-diode.

Rg: is the total parasitic diode resistance.

The equivalent circuit used in the Hspice model is shown in Fig. 2.1. The nonlinear
dependent current source provides the functional relationship of eq. 2.1. The resistor
modcls the voltage drop caused by Rs. The voltage dependent capacitor Cp models the

charge stored in the depletion region of the S.B.D junction. This capacitance is modeled

by:

Vi
. C[) = 'j()(l - T/‘I')Jl)—m (23)
B,

Where:
Cjo: represents the zero bias junction capacitance.
Visit is the effective built-in potential.

m: is the grading cocficient.




Figure 2.1: SBD equivalent circuit

Fig. 2.2 shows the diode DC characteristics for a diode 25um in width and 1um in length,

and whose model parameters are shown in table 2.1.

2.2 Gallium Arsenide MESFET Model

There have been many attempts to find an accurate and simple model for the field ef-
feet transistor in general and GaAs FETs in particular as GaAs integrated circuits are
becoming more and more sophisticated and complicated (7], (8], [9]. The difficulty with
MESFET devices is that they are extremely complex internally, and simple external mod-
cls cannot accurately describe this behavior under all conditions. Conversely a detailed
rwo-dimensional internal modci although more accurate, is not suitable for use with cir-
cuit simulation programs. The solution is then to develop a model which will describe as
closely as possible the internal device behavior without being too complicated for simu-

lation.




Name | Parameter Units Value
Is Saturation currcnt A |15e-12
n Ideality factor - 1.18
™. Grading cocfficicnt - 0.5
Cn Zcro bias junction capacitance F 2.8e-15
Vis,i Built-in potential \" 0.9
Rg Ohmic resistance Q 400

Table 2.1: Hspiee diode model parameters used for GaAs Schottky diode

25.0m—

15.087

In(A) )

Vyes waaaaad e s onasl TR R L R R =

0. . YILTS (LIN)
0. 200.04 403,03 §00.0M 600.CH 1.8

Vo(V)

Figure 2.2: Diode current versus voltage for a nominal diode




Fig. 2.3 represents a schematic diagram of the equivalent circuit used in Hspice to repre-
sent the GaAs MESFET. The controlled current source Ip(Ves.i, Vps,i) is the key element
for the DC model. It produces a drain current that depends on the internal gate-to-source
(GS) and gété-to—drain (GD) voltages Vs, and Vps, respectively. The GS and GD diodes
in Fig. 2.3 rcpresent the gate junctions. The forward bias current flow is modeled with
individual Schottky barrier diodes within the MESFET model. Time dependent effects
are simulated through charge storage elements Cgs, Cep, Cps, and Chrops.

A detailed description of the transistor model used throughout the thesis is given below:
The transistor model is based on the Statz model [8] which is a cubic approximation of
the Curtice model [7) with gate field degradation [10]. .

Let:

Vest = Ves — (Vio + Yps - Vis) (2.4)

Where:
/o is the threshold voltage.

~ps: is the drain voltage induced threshold voltage lowering coefficient.

The drain current is given by:

For: Vggr < 0

Ips =0. (2.5)
For: Vggr > 0, Vps < %
1.,)5 = BuorVEsr(L + AVps) [1 —(1- a‘;‘”w] (2.6)
For: Vasy > 0, Vs > &
Ins = BepVisr(L 1 AVis) (2.7)
10




Where:
B-W-M
1+ uerit - VGST)

Besr = I (2.8)
And:

B: is the transconductance parameter gain.

a: is the saturation voltage parameter.

A: is the channel length modulation parameter.

ucrit: is the critical ficld parameter for mobility degradation.

W: is the MESFET width.

L: is the MESFET length.

M: is a multiplying factor to simulate multiple MESFETS in prallel.

Fig. 2.4 shows the MESFET output DC characteristics for a MESFET 40um in width

and Lum in length, and whose model parameters are shown in table 2.2.

2.2.1 Modeling of Low-Frequency Anomalies

Gallium arsenide MESFETSs have been known to ex.hibit low frequency anomalies which
affect the system performance, and the Hspice model for the GaAs MESFET does not ac-
curately describe these characteristics. These anomalies are referred to as “drain lag” and
*frequency dependence of output conductance” which are just the time and frequency-
domain description of the same phenomena [11], [12).

Fig. 2.6 shows the cffect of drain lag on the response of the DCFL inverter of Fig. 2.5.
Note that there are two time constants: 1- An initial very short time constant. 2- A
sccond long time constant of the order of tens of microseconds producing a long settling
tail referred to as drain lag.

The DCFL inverter gairn is shown‘in Fig. 2.7. Note that there are two cutoff frequencics:
I- The lowest one, on the order of KHz is due to the frequency dependence of the output
conductance. 2- The highest one on the order of GHz is duc to the usual parasitic ele-

menes.

The low frequency anomalities described above are due to electron traps in the substrate

i1




Name | parameter Units Value
Vio Threshold voltage A\ -1.128
B Transconductance parameter A/V?| 120.3e-6
A Channel length modulation parameter | 1/V | -23.62e-3
o Saturation voltage parameter /v 3.732
R Gate ohmic resistance Q 8.3
Rs Drain ohmic resistance Q 774
Rs Source ohmic resistance Q | 774
Yns Drain voltage, induced threshold - -67.16e-3
voltage lowering coefficient
ucrit | Critical field for mobility degradation | 1/V 0.288
Ig Gate junction saturation current A 73.0e-15
7 Gate junction ideality factor - 1.14
Ces | Zero bias GS junction capacitance F 906e-18 ||
Cep | Zero bias GD junction capacitance F 150e-18
Cps | Drain to source parasitic capacitance F 220e-18
Visr Gate diode built-in voltage \Y 0.9

Table 2.2: Hspice model parameters for GaAs MESFET

12
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Figure 2.4: lds versus Vds characteristics for the MESFET described above
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Figure 2.8: FET Output Conductance vs Frequency.

defects [12] which happens only when the FET is on, therefore the frequency dependence

on the output conductance is modeled by a scries RC network connccted between the

drain and source of the MESFET through a current controlled resistor (CCR) which is

controlled by the FET drain current. When the F ET is in saturation the drain current is

different, from zero, so the CCR represents a zero resistance and the RC network is directly

connected to the FET. However, when the FET is OFF the drain current is zero, so that

the CCR represents a very high resistance and the RC network is practically disconnected

from the FET. See Fig. 2.3,

Fig. 2.8 shows the FET ontput conductance as a function of frequency.

16




Chapter 3

Common Gallium Arsenide Digital

Circuits

The first section of this chapter discusses the properties and performance of depletion
modec gallium arsenide circuits, taking as an example for this study a source coupled FET
logic (SCFL) circuit. Then, it concludes by giving the advantages and limitations of this
kind of circuit. The sceond section offers a similar study concerning enhancement mode
gallium arsenide circuits by taking as an example a direct coupled FET logic (DCFL) cir-
cuit. In the third section, a discussion of a paper written by Long [13] concerning the yield
characteristics of GaAs VLSI circuits, is presented. Finally, the fourth section gives the

limitations of Long’s technique, and presents the requirements and objectives of this work.

In GaAs MESFET circuits we have two types of static logic circuits: Depletion logic

circuits, and enhancemnent logic cirenits.

3.1 Depletion Mode Logic Circuits

Depletion mode logic circuits refer to circuits designed with depletion mode (d-mode)
MESFETs. These kinds of circuits are characterized by unequal input and output voltage

levels because Verg must be negative inorder to cut off the FIET, while Vs must be positive

17




.Li-

at all times. Consequently level-shifting networks ‘typically composed of forward-biased
Schottky diodes, are necessary. In addition since both positive and negative signals are
required, two power supply voltages, a positive Vbp, and a negative Vgg are needed.
Therefore. additional power is dissipated in the circuit. On the other hand larger logic
voltage swings can be obtained, because the gate electrode of the d-mode FET varies from
a negative voltage close to the threshold voltage to a positive voltage close to 0.7V. The
high logic voltage swing of the d-mode circuits lead to larger drive currents, and increased
noise margins giving higher yields [14].

Therc are many logic families in depletion logic circuits [13]: e.g. Unbuffered FET logic,
Buffered FET logic, Capacitive coupled logic, Schottky diode FET logic, and Source
coupled FET logic (SCFL) [15]. SCFL circuits will be considered as an example:

3.1.1 Source Coupled FET Logic

Source coupled FET logic (SCFL) is the equivalent in gallium arsenide of bipolar ECL
or CML in silicon [16], [17]. In this kind of circuits we use differential amplifier circuit
structures. One of the most important reasons for using SCFL circuits is to account for
the spread in the threshold voltage of GaAs FETs, because the circuitry is such that
only the relative variation of the threshold voltage is important [18]. The SCFL circuit
includes a FET differential amplifier and a pair of buffer stages. Fig. 3.1 shows an SCFL
inverter designed in BNR. .

The operation of the SCFL gate may be explained by the following analysis which is
simnilar to the one done by Shur [15):

Consider the two following cases:

a- The transistor FIETL is ON and the transistor FET2 is OFF. Then we should have:
Vine = Vs > Vi (3.1)

Viva — Vs < Viz (3.2)

b- The transistor FETL is OFF and the transistor FET2 in ON. Then wc should have:

Vine — Vs < Vi (3.3)

18




Vine— Vs > Ve (3.4)
Where:

Vine and Vins: are the input voltages required for switching in cases (a) and

(b) respectively.

Vine: and Vjn,p are the complimentary signals of Vine and Vine respectively.
V. and Vjo: are the threshold voltages of FET1 and FET?2 respectively.
Vs: is the common source voltage for FET1 and FET2.

By substitnting cq. 3.2 into cq. 3.1, and eq. 3.4 into eq. 3.3, we obtain the following

conditions required for the SCFL gate operation:
Vina— Vina > Vu = Ve (3.5)

Vine— Vine < Vi — Vaa (3.6)

From eq 3.5 and 3.6 we see that the input levels required for switching are only dependent
on the difference between the threshold voltages of. the FETs. In most cases the threshold
voltage difference V;, — Vi3 between neighboring FETs on a chip is very small. Therefore
it can be ignored.

The DC transfer characteristic curves, delay times and power dissipation versus FET
threshold voltage are shown in Fig. 3.2, 3.3, and 3.4 respectively. These results were
obtained using Hspice circuit simulation, and assuming for simplicity that the other FILT
model parameters arc constant. The simulation results show that the SCFL circuits can
operate over a wide range of FET threshold voltages.

The power consumption of an SCFL inverter is considerably larger than the power con-
sumption of inverters implerﬁented using other logic families because of a more compli-
cated cirenit configuration and larger values of Vdd and Vss required for an optimum
output voltage swing. However, total power consumption may still beA comparable to
those for other logic families, because of the high functionality of SCFL gates. A D flip-

flop for example may be implemented using only two SCFL gates. If standard individual
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NOR gates were to be used, at least eight gates would be needed to achieve the same
function [14].
The reduced sensitivity to model parameter variation, high speed, and high functionality

give SCFL strong advantages when compared with many of the other circuit possibilities.

3.1.2 Limitations of OQutput Cell

Internally SCFL circuits are very robust in the sense that even if the voltage levels change
considerably from gate to gate, the logic levels are still recognizable as long as their
difference is large enough. However, the internal signal has to be somehow passed to the
outside world which is usually in ECL levels. So there is a need to interface the varying
SCFL levels to fixed BCL levels. This is done by the output cell. Fig. 3.5 shows an output
cell used in BNR which is similar to the one suggested by Shimizu [19]. The output ECL
levels and the SCFL levels versus FET threshold voltage are shown in Fig. 3.6. Note
that a large percentage of output levels fall outside the minimum acceptable ECL range

[-1.62V,-0.98V]. This is the most important problem with SCFL circuits, and it has a
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severe effect on the yield which will be discussed in a later chapter.

3.2 Enhancement Mode Logic Circuits

Enhancement mode logic circuits are implemented using enhancement mode (e-mode)
MESFETs as switching devices. Since both Vgs and Vps are always positive, no level
shifting from output to input is needed, and a single power supply is sufficient. Also, the
saturation voltage Vps sa: Of an enhancement mode FET is less than that of a depletion
mode FET. Thus, the power supply voltage can be lower for e-mode circuits than their
d-mode cquivalent. The above properties will save a lot of power and layout area [14].
However the e-mode circuits have their own disadvantages: 1- The gate-to-source voltage
will swing from a minimum of 0V to a maximum of 0.7V which is the forward conduction
limit. of the gate-to-source diode. This will result in a smalli voltage swing. 2- For a
high voltage gain in Vout vs. Vin transfer characteristics, resistors are not suitable to
be used as loads. Therefore an active load should be used. While an e-mode MESFET
can be used as an active load by connecting its gate and drain together, it is not suitable
for high spced application because its drain current diminishes as the output load voltage

increases. Therefore there is a need to use d-mode MESFETs which will further complicate

the fabrication process

3.2.1 Direct Coupled FET Logic

Dircet coupled FET logic (DCFL) is the first, simplest, and most widely used e-mode
gallium arsenide logic circuit. Fig. 3.7 shows the schematic diagram of a DCFL inverter
gate with a fan-out of 1 [14]. Note the similarity to the E/D nMOS circuits. The simplicity
and the small number of circiit elements per gate result in lower interconnect parasitics,
higher density, lower power consumption, and higher speed than for other gallium arsenide

logic familics. The operation of a DCFL gate may be cxplained as follows:

1- When the applied voltage Vin to the gate of the switching transistor is low

(smaller than the threshold voltage Vt of this transistor) The transistor is off.
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Figure 3.6: Output cell voltage levels versus FET threshold voltage

For a zero fan-out case i.e. no logic gates are connected to the output, Vout is
ncarly cqual to Vdd. In 2 more rpalistic situation when other DCFL gates are
connected to the output, the voltage Vout is determined by the gate turn-on
voltage of the next stage i.e. about 0.7V.
2- When the input voltage Vin is high, the switching transistor is on and the
output voltage Vout is low and equal to the drop across the source parasitic
. resistance. Fig. 3.8 shows the DC transfer characteristics of the DCFL inverter
of Fig. 3.7 with a fan-out of 1. Note the rise in the output voltage as Vin
increases beyond 0.7V. This is due to the drop across the source parasitic

resistance due to the gate-to-source diode current.

From the above analysis, we'can see that the noise margin of DCFL circuits is relatively
small, because it is limited on the high side by the forward gate conduction of the next
stage, and on the low side by the drop across the parasitic source resistance of the e-
mode FET. The low (200mV or less) noise margins which are obtained with standard

MESFET DCFL circuits places much emphasis on the uniformity of material and process
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Figure 3.7: DCFL inverter gate

parameters. As will be discussed later, small variations in threshold voltage can reduce
the noise margin even further as the circuit complexity increases. Fig. 3.9 shows the noise
margin as a function of threshold voltage Vto for the DCFL inverter of Fig. 3.7. Fig. 3.10,
and Fig. 3.11 give the delay times and power dissipation vs. threshold voltage. These
results were obtained using Hspice circuit simulation. Note the large relative variations

in these characteristics as compared to the results obtained for SCFL gates.

3.3 Noise-Margin Limitations of GaAs VLSI

This scetion discusses the technique used by Long to predict the yield of GaAs VLSI

circuits, by taking into account the cffect of parameter nonuniformity on the noise mar-
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gin [13].

The greatest single difference between silicon nMOS design and n-channel GaAs MESFET
design is imposed by the Schottky barrier junction gate of the MESFET. The logic low
output volta:ge for both types is limited by the drop across the parasitic source resistance
of the switch FET which is about 0.1V to 0.2V, and the logic high output voltage in the
nMOS inverter is Vdd while nMESFET inverter is limited by the forward voltage con-
duction limit i.e. about 0.7V. Hence, the logic swing for the nMOS inverter is 5V-0.1V
while for the nMESFET inverter it is 0.7V-0.1V. This substantial reduction in logic swing
makes GaAs MESFET digital circuits susceptible to errors when operated in a noisy en-
vironment, in other words the noise margin is said to be small. The noise margin can be
increased by selecting a clever circuit topology. However, this may result in a larger layout
arca, more power dissipation, and delay. Thercfore an appropriate circuit topology and
optimum parameters must be carefully selected depending on the circuit specifications
and projected production yield. The role of noise margin and circuit parameter variations

on the yield will be explained in the next section.

3.3.1 Effect of Parameter Variations on Yield
The clectrical yield is determined by considering two limiting factors:

1- The logic gate parameter variation resulting from process variation.

2- The noise margin which is the tolerance window available for high and low

levels.

There are many definitions for noise margin, two of these are: The maximum width Vyw
and the maximum square Vs noise margin which represents the worst case [21], see
Fig. 3.12. The method used to predict the clectrical yield is as follows [13], [20]: The
circuit under consideration is analyzed to determine the noise margin M*. Then, it is
analyzed for the sensitivities of the noise margin to variations in device parameters. The

model parameters to be considered would include:
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Figure 3.12: Maximum Width and Maximum Squarc noise margins [Long]

Vin: The FET threshold voltage.
A The transconductance parameter gain.

Is: The ohmic source resistance.

However, the most scnsitive parameter for many circuits is found to be Vi,. The parame-
ters are asstined to vary independently of cach other. Therefore the standard deviation

of the noise margin, M, is given by:

M? = 3 (Rioi)? (3.7)
i=]1 .

Where 1, represents the sensitivity of the NM to each device parameter T;, and o; is the

associnted varianeeo,

Finaly the available noise margin is computed as:
AM =M* - Mmin (38)

Where M, is the miniman acceptable noise margin (arbitrarily assumed 0.1V).
The clectrical yield is given as a function of the ratio of the available noise margin to the
standard deviation of the noise margin and is defined as the probability of N inverters

per cirenit, which has a noise margin within £AM, as given by the folloMng probability
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Vree(V) | Vrp(V) | NM(V) | ovi(mV) | AM/M, | # Gates
0.2 -0.9 0.22 53 4 10K
0.3 -0.8 0.16 53 2 10-100
0.3 -0.8 0.16 25 4. 10K

Table 3.1: Projected number of functional gates at the 50 percent yield level [Long]

distribution function:

P(N) = P(X)V (3.9)
Where: .
P(=X, < X < X)) = \/%/_):l exp(—XTQ)dX (3.10)
X = /—A\;f; (3.11)
X, = ?WM (3.12)

From the above expressions we see that if the available noise margin is high as is the case
for Si CMOS, or if the noise margin variation is small as is the case for Si Bipolar circuits
then the value of X, will be high, and the value of the integral will approach unity i.e.
there will be a high yicld. Fig. 3.13 describes the maximum yield that can be obtained
in a circuit of N gates which have a noise margin window centered at M* with a width
of 2AM. Table 3.1 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 V) (depletion threshold voltage) of -0.9V, is 10,000 gates. But
if the mean threshold voltages are changed by only 0.1V then the projected number of
functioning circuits is scen to be very small (10 to 100) in Fig. 3.13. So, in order to restore

the previous yield of 50 percent, the variance on the threshold voltage must be reduced.
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3.3.2 Contributions of Long

The work done by Long showed us that the parameter uniformity is the limiting factor
that stands in the way of attaining the maximum power-limited complexity. This study
was done by considering noise margin i.c. DC characteristics only. Although this is a
very immportant step in 1C design, it is just a prerequisite because the ultimate goal is to
operate Lhe 1C at its fll spead. Therefore, a similar study should be donce taking into
acconnt the dyninic clmr:).(:t.cris.tics.

The purpose of this thesis is to study the cfiect of paramcter uniformity on the yield of
pallinn arsenide digital 1C’s by taking into account the dynamic characteristics of GaAs

VL1SI circuits using real measurcments obtained from a typical walfcr.
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Chapter 4

GaAs Processing Data and Yield

analysis

4.1 GaAs Processing Data

In this chapter the measurement data used in the yield study and their spread over a
typical wafer will be studied. Then the general characteristics of the wafer as SCFL gates
will be given.

4.1.1 Model Parameter Extraction

In order to perform a practical study of gallium arsenide circuit yield, mcasufement data
were obtained from a typical BNR fabricated wafer. The measurement data were obtained
at 25 sites regularly spaced across the wafer. Note that two sites, site 5 and site 21 were
discarded because of the inability to measure some parameter values. Therefore, they are

considered as bad sites Fig. 4.1. The supplied parameters are:
e The transistor threshold voltage Vi,
e The transistor saturated drain current [pg

e The lincar drain to source resistance Rpg
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Figure 4.1: A typical GaAs wafer fabricated in BNR.

e The transistor output conductance Gps
¢ The diode turn-on voltage Vp
e The sheet resistance Rg

Apart from the threshold voltage Vj, which is a direct parameter, all the other model
parameters have to be derived analytically as discussed in appendix A.
The extracted model parameters to be used in the diode and transistor models described

in chapter. 2, are:

o The transconductance gain parameter 3

The saturation voltage parameter o

The channcel-length modulation parameter A

The diode saturation current fg

The SCFL gate load resistance Ry,
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The distributions of these parameters at 150 degrees Celsius are shown in table 4.1. The
150 degree temperature was chosen as the worst operating temperature because at this
temperature the circuit operates at its worst performance. If any circuit under investi-
gation passes the tests at 150° C then it is considered as a good one, otherwise it will
be discarded. The last row of table 4.1 gives the typical values of the model parameters
used in BNR circuit design. Note that most of the extracted parameters are close to these
typical values.

Table 4.2 gives the sensitivity of the SCFL circuit characteristics to the extracted pa-

rameters. The sensitivity S of the response y to the model parameter z is defined as

follows::

- Ayly
o= Az/z

Where Az denotes a small change in the model parameter z around its mean value, and

(4.1)

Ay denotes the corresponding change in the response y, which'is measured using simula-
tion.

Notc that the most scnsitive parameters are the threshold voltage V.o and the transcon-
ductance gain parameters 8. The 4th column in the table gives the ratio of the variance to
the mean value. This ratio gives us a relative measure of the spread of the corresponding
parameter across the wafer which is as important as the sensitivity. Some parameters,
such as the diode saturation current are not as sensitive as the threshold voltage or the
transconductance parameter but have variance to mean value ratios which are about 4
times larger than the transconductance ratio. This means that these parameters have
more variations from the mean than the other parameters. Therefore there will be signifi-
cant cffects on the circuit performance across the wafer. The DC sensitivity shown in the
table gives the sensitivity of the high output logic voltage level of the output cell to the
extracted model parameters.: The sensitivity of the low voltage level is much smaller, as
can be seen later, that is why it is neglected. Note that, some parameters such as 8 and
Vie are more sensitive in AC than DC, while other parameters such as [g land ¢ are more
sensitive in DC than AC. From this we can conclude that taking the threshold voltage as

the only scensitive parameter for yield analysis is not a realistic approach.
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Site | Vio(V) | B(rA/V? | M1073V1) | a(V™Y) | Is(207°4) | RL(R)
1 | -0.667 | 129.08 -98.56 3.525 7.56 | 1088.67
2 |-1111| 96.06 | -50.89 2.879 5.46 1150
3 |-1111| 96.06 -50.89 2.879 5.46 1180.67
4 | -1111| 97.02 -55.68 2.851 5.46 1119.33
6 |-1.022 | 101.28 -59.23 2.635 6.42 1180.67
7 | -L111| 95.10 -46.00 2.909 6.42 1242
8 |-1289| 7867 -26.94 3.132 5.46 1242
9 |-1.200 | 91.46 -43.43 2.829 6.42 | 1211.33
10 |-1.022| 101.28 -59.23 2.970 7.56 1150
11 | -0.933 | 106.00 -63.11 2.667 8.90 1303.33
12 | -L111 | 95.10 -46.00 2009 | 756 1272.67
13 | -1.200 | 90.61 -38.78 2.663 5.46 1272.67
14 | -1.289 | 7867 | -26.94 3.132 5.46 1303.33
15 | -0.845 | 112.63 -73.36 2.734 6.42 1272.67
16 | -0.933 | 120.02 -68.85 2.616 10.47 | 1180.67
17 | -1.022 | 101.28 -59.23 2.792 6.42 1242
18 | -L11l| 95.10 -46.00 2.724 6.42 1272.67
19 | -L111| 96.06 -50.89 2.879 7.56 1242
20 | -0.667 | 105.17 -88.91 4.333 10.47 | 1180.67
22 | -0.933 | 106.00 -63.11 2.809 8.90 1180.67
23 | -0.933 | 107.23 -68.61 2.776 8.90 1242
24 | -0.756 | 102.51 -84.03 3.527 1047 | 1180.67
25 | -0.933 | 109.72 -79.19 2.713 20.08 | 1119.33
Typical | -1.027 | 120.30 -30.00 3.604 10.63 1150

Table 4.1: The extracted parameter values across the wafer
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Parameter | Mean value | Variance | Variance/Mean AC DC
Sensitivity | Sensitivity
Vio(V)) . -1.018 0.169 0.166 1.09 0.60
B(uV/A?) 100.53 11.41 0.113 2.05 1.83
a(V-1) 2.951 0.378 0.128 0.07 0.22
A(1073v-1) -58.60 17.86 0.305 0.10 0.04
Is(1071°4) 7.81 3.095 0.400 0.01 0.04
R.,(Q) 1210 59.63 0.049 0.47 0.19

Table 4.2: The extracted parameter sensitivity

4.1.2 Wafer characterization

The extracted model parameters were used to model an SCFL inverter (Fig. 3.1) and the

output cell. The criteria used to characterize the wafer are:
e The max frequency of operation for an SCFL inverter
e The output voltage levels of the output cell

These two parameters were considered the most important ones, and the DC characteris-
tics Qf SCFL cells were not considered. Because on one hand there are no standard voltage
levels for SCFL ccells, on the other hand SCFL cells are very robust from the DC point of
view as discussed in chapter 3. The only DC problem arises when we want to interface
the SCFL gates to BCL gates, becanse of the incompatibility of DC voltage levels. This

is the role of the output cell which is considered in the second parameter.

Frequency characterization

In order to measure the maximum frequency of an SCFL inverter a chain of 3 inverters
(Fig. 4.2)is simulated to account for the input and output loading, then AC analysis was

performed to find the maximum operating frequency which is defined as the frequency at
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Figure 4.2: Inverter chain for maximum frequency measurements

which the voltage gain of the second inverter drops to one.

The extracted model parameters from each site were used to simulate the SCFL inverter
chain described above, and the measured maximum frequencies are plotted in Fig. 4.3.
Note that, ceven though the model parameters vary widely from site to site, most of
the maximurmn frequencies of operation vary closely around 2.9th. This is one of the
characteristics of SCFL circuits.

From table 4.2 we can see that the vériation in frequency is mainly due to the variation

in the transconductance parameter 3, and the threshold voltage V.

DC characterization

As discussed before, the main DC problem with SCFL circuits is in the output voltage
levels of the output cell. To demonstrate this, the model parameters from each site were
used to simulate an inverter in cascade with an output cell Fig. 4.4. The measured output
high and low logic voltage levels are shown in Fig. 4.5 and 4.6 respectively. From these
figures we can sce that thelow logic voltage level does not vary a lot, while the high
voltage level varies considerably as we move from one site to another. From table 4.2 we

see that the most sensitive parameters are 8, Vi, @, and I if we consider the variance to

mean ratio.
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Figurc 4.4: Test circuit for output voltage level measurements

39




W
N IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

VH (V)

1 2 346 7 89 101112131415161718 1920 2223 2425
Site* )

Figure 4.5: Output High logic level vs. Site position

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

VL (V)

1 23 46 78 9101112131415
Site*

1617 1819 2022232425
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4.2 Yield Analysis

4.2.1 Yield of SCFL Inverters

The yield at a certain frequency fo will be defined as the ratio of the number of sites
whose inverters can operate at a frequency greater or equal to fo, to the total number of
sites which is 25 in our case. From this definition we can see that the maximum yield
that can be obtained cannot be greater than 92 percent (23/25) since 2 sites were rejected
from the beginning.

The vyicld versus frequency characteristics for gallium arsenide circuits constituting only
of SCFL inverters can be deduced directly from Fig. 4.3, This is shown as Yieldl curve
in Fig. 4.8.

This yield versus frequency curve is valid only if we intend to work just with SCFL circuits.
However, since in most of the cases we have to interface the low frequency part of the
GaAs SCFL system to a silicon system, usually an ECL circuit, then we have to consider
the output cell as well. An output cell is considered, to be good if its 6utput logic voltage

levels lic in the ECL interval, which is: '

From -0.98V to -0.5V for the High logic voltage level.
From -2V to -1.62V for the Low logic voltage level.

From Fig. 4.5 and 4.6 we sce that all of the Lo’w voltage levels lie in the ECL ir.lterval and
that only the High level will determine whethér an output cell is good or not. In addition
to the two sites 5 and 21 which were initially discarded, there are 11 other sites which do
not fulfill the ECL level requirement: 1, 6, 10, 11,15, 17, 20, 22, 23, 24, and.25 (shaded
sites in Fig 4.7). Note that as can be expected, most of the bad sites are in the edges of
the wafer. So, after discarding: all of these, we can construct a new yield versus frequency
curve which takes into account the ECL interfacing problem. This is shown as Yield2
in Fig. 4.8. We can notice a very important characteristic from the yicld curve, which is
that most of the discarded sites in the yield2 curve are situated in the loW- frequency part

of the frequency axis which means that if a site is good from the ECL interfacing point
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Figure 4.7: ECL-Nonfunctional sites in the wafer

of view, then there is a big chance that it will have a high frequency of operation.

4.2.2 Effect of Circuit Architecture on Yield

So far, the circuit used in the yield study was a simple chain of inverters, although this
will give us a quick method of estimating the system performance it does not give a re-
alistic estimate. A more realistic estimate will be obtained if we use a more complex
combinational circuit for instance. The circuit to be used in the yield study. will be a

4-input parity gencrator (Fig 4.9), then the results will be extrapolated for more complex

combinational circuits.

In dealing with multi-input circuits such as the parity generator circuit we face a problem
called latency, which arises when the circuit inputs toggle at different frequencies. The
latency problem becomes critical mainly when we are working at very high frequencies
close to the maximum operation frequency of the gate. This can be explained as follows:
Suppose that we have a 2-input XOR gate with inputs V1 and V2, and that the input

signal at V1 is running at a very high frequency 4 times faster than the signal at input V2,
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Figure 4.9: Parity generator circuit
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Figure 4.10: Ideal Input and output signals

then the voltage at node V2 will have enough timeto reach its maximum and minimum
values, while the signal at node V1, cannot reach those values, because it will be forced
to change states before reaching its maximum value, therefore they will cross the 0V axis
at different times separated by a time interval AT, as shown in Fig 4.11. During this
time, the XOR output will produce a false pulse of duration AT, see Fig 4.10 and 4.11.
Thercfore the performance of the SCFL circuit will be affected not only by the gate delay
time. but also by the latency of the gate.

From the previous analysis we can see that the effect of latency on the circuit performance
is related to the number of gates we use in series. If, for example, we connect another
2-input XOR. gate to the output of the XOR in the previous example, the second gate
output will be affected by the latency of the first gate plus its own latency. Which means
that there will be a false pulse of duration 2AT.

[lence, as a rule of thumb, we can say that for a circuit of n-levels of XOR gates the total
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Figurc 4.11: Input and output signals with latency

latency time Tpq, will be: '
TLa.t = nAT. (42)

Where AT is the latency for one XOR gate.

4.2.3 Effect of latency on the Maximum Frequency of Opera-

tion

Assume that the high frequency input for a XOR gate has a pulse width of Tp;n seconds,
then the output pulse width will be: .

Tpour =Tpin = Thar (4.3)

So, for an input signal of period Ty, where:

TIN = 2TI’IN (44)
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The output signal period will be Toyr, where:

Tour = 2Tpour = 2TpiN — 2T Lae (4.5)
By replacing equation 4.4 into 4.5 we end up with:
Ty = Tour + 2T Lt (4.6)

In terms of frequency, equation 4.6 can written as:

Fin = four
1+ 2T pacfour

(4.7)

are: =L R
Where: f/N = Tin? and fOUT = Tour .
Since, the SCFL gate has a maximum frequency of operation fyax, then the maximum
input frequency taking the latency into account can be obtained from equation 4.7 by

replacing four by fmax, which yields:

fmax
1+ 2Tpaefmax)

By replacing equation 4.2 in 4.8 we can find the maximum frequency of operation for a

finmax = ( (4.8)

circuit of n-levels of XOR gates, to be:

fmax
1+ 2nATfMAx

framax = (4.9)

The decrease Af in the maximum frequency of operation as more XOR levels are added
is:

Afn = fuax — finmax (4.10)
By replacing equation 4.9 in 4.10 we obtain:

2nAT fiax

Afp =
f 1+2nATfMAx

(4.11)

From the above analysis it can be seen that the yield versus frequency characteristic for
an n-level XOR circuit can be obtained by left shifting the yield-versus-frequency curve

for a XOR circuit without latency by Af, on the frequency axis . In other words, if Yy
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is the yield of a 1-level XOR. circuit without latency, then the yield Yy of an n-level XOR

circuit with latency is given by:

Yalf) = Yolf +BF) (@12)

The maximum frequency of operation for a XOR gate

A similar analysis to the one done to find the maximum frequency of operation of an
inverter is done to measure the maximum frequency of a XOR gate, by using the circuit
shown in Fig 4.9. Fig. 4.12 shows the spread of the maximum frequency of operation of
a XOR across the wafer. Note that, as would be expected, these frequencies are smaller
than the inverter maximum frequencies shown in Fig. 4.3, due to the fact that we are

using two transistors in series for switching rather than one for the inverter, therefore

dccreasing the transistor transconductance.

Yield of XOR gate circuits

The yield of a XOR circuit without latency can be obtained directly from Fig 4.12. See
Fig 4.13.

In order to observe the effect of latency on yield, the 2-XOR-level parity generétor circuit
shown in Fig 4.9 was used as a test circuit. The highest frequency of operation was mea-
sured at cach site by simulating the test circuit at its maximum frequency as measured
from the inverter chain circuit, then the input frequency is decreased by small steps until
the output signal is correct. Fig. 4.14 shows the spread of the maximum frequency of the

parity generator circuit across the wafer.
As for the inverter circuits the yield of parity generator circuit can be obtained from

Fig. 4.14. This is shown as Yieldl curve in Fig 4.15. This yield is calculated without

considering the ECL interfacing problem. After considering the ECL interfacing problem,
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Figure 4.12: Maximum XOR frequency of operation vs. Site position
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Figure 4.14: Maximum input frequency of parity generator circuits vs. Site position

a new yield versus frequency curve is obtained and ‘depicted as Yield2 curve in Fig. 4.15.
Note that as for inverter circuits, the ECL interfacing criterion is the main thing that
causes the large drop in the yield.

As stated by equation 4.12 the yield of the 2-level-XOR circuit can be obtained directly
from L_he XOR without latency yield shown in Fig. 4.13. The yield for the XOR circuit
without latency (Yield0 curve), the yield of the parity circuit as obtained by simulation
(Yieldl curve), and the yield for the parity circuit as obtained from equation 4.12 (Yield2
curve), are shown in Fig 4.16. Note that equation 4.12 gives us a close, though optimistic,

yicld as compared to the simulation results.

From the analysis presented above a general yield versus frequency characteristics can
be drawn for an n-level-XOR circuit according to equation 4.12. See Figure 4.17. Where
the Yieldn curve gives the yield of SCFL circuits consisting of n-levels of XOR gates

without considering the ECL interfacing problem. When the ECL compatibility is taken
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into consideration we will have similar yield curves, except that they will have smaller
maximum values. Therefore, we'll be considering just the yield without ECL interfacing
problem. Fig. 4.17 reveals a very important characteristic of SCFL circuits which is that
at the highest frequencies of operation, the circuit yield drops drastically as the number
of XOR levels is increased. For example, consider a 4-level XOR circuit operating at
1.25 GHz, from Fig.4.17 we can see that the maximum yield we can have is 80%. If we
want to use a 5-level-XOR circuit instead, then the maximum yield that can be achieved
at 1.25 GHz will drop to less than 5%. This indicates that the circuit architecture is a
very important factor in determining the maximum yield that can be obtained. Thercfore
the predicted yield presented above can be improved by a creative architecture that will
minimize the effect of latency on the yield. This can be done either at the transistor
level by improving the design of SCFL gates, to be less sensitive to the latency effect, for
instance, or at the gate level by introducing some retiming circuits whose role will be to

retime the signals after each certain number of gates, to eliminate the latency accumulated

from the previous gates.

4.2.4 Effect of Complexity on Yield,

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 equivalent
to 400 gates.

Supposc that we want to fabricate SCFL circuits of 200 cells, then we will be obliged to
take two sites at a time. In doing so, many of the individual ECL functional sites will
be nonfunctional when taken with a nonfunctional site. Therefore the yield is expected
to drop drastically, as the con;plcxity increases. From Fig 4.18 wc see that the maximum
number of functional circuits with ECL interface will be 4 out of. 12 that’s the best yield
will be 33% instead of 48% when taking one site at a time. The yield versus frequency
charactcristics for the new complexity is shown as Yield2 curve in Fig 4.20 when not

considering the ECL interfacing problem, and as EC LYield2 graph in Fig 4.21 when the
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Figure 4.18: Functional sites with double complexity

ECL interfacing problem is taken into consideration. These results are obtained using
the maximum frequency versus site position curve shown in Fig. 4.14. The idea used in
drawing these characteristics is that if we take two sites with different maximum oper-
ating frequencies, then the maximum operating freqﬁency of the new higher complexity
site will be equal to the minimum of the maximum frequencies of the two sites.

When we increase the complexity and take three sites at a time which will be equivalent
to 1200 equivalent gates, there will be 7 ECL nonfunctional sites out of 8, as shown by
the shaded sites in Fig. 4.19. Consequently, the maximum yield that can be achieved will
be 12.5%. Using the same idea as for the previous case, a new yield versus frequency
characteristic is drawn as Yield3 curve in Fig. 4.20 when not considering the ECL inter-
facing problem, and as ECLYield3 curve in Fig 4.21 when the ECL interfacing problem
is taken into consideration. By comparing the yield characteristics for the 1-site com-
plexity (grapli ECL Yield1), 2-site complexity (graph ECLYield2), and 3-site complexity
(graph ECL Yicld3) in Fig. 4.21 it can be seen that cach time the complexity is increased
the maximum yicld drops drastically (by 31% when the complexity is doubled, and 64%
when the complexity is tripled). The sharp drop in the maximum yield is due mainly to

the ECL interfacing criterion set on the output cell, as can be concluded by comparing
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Figure 4.19: Functional sites with triple complexity
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the yield characteristics of Fig. 4.20 and 4.21.

The conclusion of this chapter is that, given the large variations in process parameters,

the yield of gallium arsenide SCFL circuits is limited by two factors:

oo

1- The circuit architecture:

Because of the latency problem, as the circuit becomes complicated and more

gate levels are used, the latency accumulates on the propagating signal which

will result in erroneous output signals. This situation can be improved by a

better design of the SCFL gate, and by introducing special timing circuits to

synchronize the internal signals, and prevent the accumulation of latency.

2- The ECL interfacing criterion set on the output cell:

As can be concluded from the previous analysis, the ECL interfacing problem
: affects not only the yield for simple complexities, but it has also a severe effect

on the yield as the complexity increases. This effect can be minimized by a

better design of the output cell.




Chapter 5
Conclusion

In this research the effect of parametric uniformity, ECL compatibility, circuit architec-
ture, and complexity on the yield versus speed characteristics of gallium arsenide SCFL
circuits was studied.

The yield study was done as follows:

1- The circuit model parameters were extracted from a typical wafer composed
of 25 sites, to account for their variations across the wafer.

9. An SCFL inverter chain from each site was simulated to measure the max-
imum speed of an inverter. Then, the yield versus frequency characteristic
curve was derived.

3--An SCFL output cell from each site was simulated to measure the output
logic voltage levels. All the output cells which are not ECL compatible were
discarded. Then, a new yicld versus speed characteristic curve which takes
into account the ECL compatibility criterion, was derived.

4- A multi-input gate (2-input XOR) from each site was simulated. Then
the maximum operating frequency was measured. From these measurements
the yicld versus frequency characteristic curve for multi-input gates was con-
structed.

5- The yicld versus speed characteristic curve for SCFL multi-level gaﬁe circuits

was theoretically predicted from the previous results. Then it was validated

58




by simulating a 2-level XOR gate parity generator circuit.

6- The SCFL circuit complexi;.y was increased by a factor of 2, then 3 to
account for the effect of complexity on the yield. The yield versus character-
istics for. different complexities were derived directly from the previous results

assuming that when many sites are taken together then:

a- The maximum speed of the resulting site will be the minimum of
the maximum speeds of the original sites.
b- The resulting site will be considered ECL compatible, only if all

of the original sites are ECL compatible.

This yicld study results show that given the actual spread in the model parameters, the
maximum achievable yield is limited by: 1- The ECL compatibility, 2- The complexity.
The circuit architecture is also an important factor. However, while the ECL compatibility
constraint puts a limit on the maximum achievable yield, t‘.he‘c:lrcuil; architecture can
improve the yield versus speed characteristics only within the ECL compatibility limit.

This suggests that the yield can be improved in two directions:

1- Tighter control of the process parameters to maximize the number of ECL
compatible circuits. The SCFL circuits showed greatest sensitivity to the
threshold voltage, the transconductance parameter, and the diode reverse sat-
uration current, and particular attention should be given to the control of
these.

2- Improving the circuit architecture to improve the yield to its maximum

valuc allowed by the ECL compatibility constraint.

This study was done on t_ypical process parameter measurements to study the yield of
SCFL circuits, a similar study can be done for other gallium arsenide logic families,
following the steps described above. Another way of doing this would be by assuming
random variations of the circuit model parameters instead of extracting them from a

typical wafer (typical means and variances of the model parameters are given in this
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thesis). Then the yield would be predicted statistically, by monte-carlo analysis, for
instance.

This study was very simplistic in considering the circuit architecture. A more in-depth
analysis can be done to study the effect of circuit architecture on yield, and how it can
be improved.

These can constitute interesting subjects for further research.
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Appendix A

Transistor and Diode Model

Parameter Extraction

The transistor model used is the SAT 2, Level 3 of HSPICE MESFET model [10] which
is the Cubic approximation of Curtice model, as indicated in chapter 2. The transistor
and diode model parameters and the SCFL gate load resistance were extracted from
the process parameters which were measured from the test structures used for process

monitoring in IC fabrication in BNR.

A.1 Process Parameter Distribution

The supplied parameters are: Vi, Ipss, Rps, Gps, Vb, and Rg, as described in chapter 4.
The spreads of these parameters at room temperature (27 degrees Celsius) across the
wafer are shown in fig. A.l, A.2, A.3, A.4, A5, and A.6 respectively. Note that
these parameters are not independent, which is consistent with theory. We can notice for
instance that Vi, Ipys, and Gy, graph‘s have very similar patterns.

The model parameters A, 8, a, [s, and R;,, were extracted as follows:
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Figure A.1: V,, spread across the wafer
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Figure A.2: [pys spread across the wafer, at Vgg = 0
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Figure A.3: Rps spread across the wafer
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Figure A.4: Gps spread across the wafer
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Figure A.6: Rn spread across the wafer
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A.2 Transistor Model Parameter Extraction

A.2.1 Extraction of A and 3

The two model parameters A and § can be extracted using the supplied parameters Gps,

Ipss, and V,, as follows:

The transistor output conductance is defined as:

dlps
= A.l
When the transistor is in saturation.
From chapter 2 we know that the drain current Ipg is given by:
* Ips = BessVisr(l + AVps) : (A.2)
Where B.sr and Vst are defined as:
B-W-M
= A.3
'Beff L(1 + ucrit - Vgsr (A-3)
Vest = Vas — (Vio + YpsVps) (A.4)
And:
Ys = —067.16e - 3
werit = (0.288V !
Vps = 2.5V
By replacing equation A.2 into A.1 we obtain:
i dp. d(l + AV,
Gns = ey V(‘Sl (1+ /\Vos) Y By ( Gst) (14 AVps) + ﬁeffVGST_(_—_D'E)- (A.5)
dV))s dVps dVps

On the other hand the transistor drain saturation current Ipgs is obtained by replacing

Vs with 0 in cquation A4 which yields:

Inss = (Vio + 10sVs)2(L + AVps) (A.6)
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After manipulating the two equations A.5 and A.6 we obtain:

6= (1 + ucrit - Vgsr)L [ Ipss (uc'rit -¥psV3stVbs

) (A7)
And: o
Gps — Beys [———mqbsw?.tx ]
A= Hruerit Yost (A.8)

ucrit-'yps-vczs Vps 2 7
Bess [ Tt vt-—> — 27psVesrVps + Vésr

A.2.2 Extraction of «

The model parameter o can be extracted using the linear drain to source resistance Rps,

which is defined as:

V
Rps = —I—Di (A.9)
DS ,
For Vps ~ 0.
The drain [ps current is given by: .
2 Vbs\?] -
Ips = IBGIIVCST(l + /\VDS) 1 - (1 - a—é—) (A.].O)

After expanding equation A.10 and neglecting the terms that include Vps assuming that
V)55 is small and close to 0 (in the linear region of the transistor) we obtain the following
equation: A

Ips = Pess - Vésr- Vbs - (A1)

This yiclds:
Vbs 1
R = =
P8 " Ips ~ Bers- - Visr

Since B is known from cquation A.7 then a will be:

(A.12)

1

a =
Bess - Ros - Vst

(A.13)
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A.3 Diode Model Parameter Extraction

The diode model parameter [s is extracted using the diode turn-on voltage Vp. The diode

current eq_ua_.tidn is given, as in chapter 2, by:

Vpi
Ip=1Is [exp(i—lg’;) - 1] (A.14)
Where Vp,; is given by:
Vpi=Vp - IpRs (A.15)
And:
]/) = lf)()/lA/[l,M
Rs = 4002 - /J,M.
n=1.18
Therefore I will be:
Ip
[o = — A.l6
° exp(ZR2) -1 (10

A.4 SCFL Gate Load /Resistance Extraction

The load resistance Ry, is extracted from the sheet resistance Rg. Since the load resistance
is linearly proportional to the sheet resistance, then the load resistance will be given by:

Ryn

R, =
L RDN

- Rg (A.17)
Where:

R,y = 11508, is the nominal load resistance.

Ran

150€2/0, is the nominal sheet resistance.

A.5 Temperature Scaling

The supplicd process parameters were measured at room temperature (27 degrees Celsius).

However, the circuit simulation for yield study has to be done at 150 degrees Celsius.
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Therefore, all the model parameters have to be scaled to the simulation temperature, i.e.
150 degrees Celsius. The temperature scaling as done in BNR is as follows: Except for
the model parameter /s which has an exponential dependence on temperature, all the

other parameters have a simple first order linear dependence, as shown below:

1- For Is:

Is(T) = Is - exp [Tms" (% - T—N%H)] (A.18)

2- For all other parameters:

parameter(T) = parameter - [ + (T — TNOM) - TCparameter]  (A.19)

Where T is the operating temperature in Kelvin (equal to 423 degrees K in

our case), TNOM = 298 degrees K, and TCparameter is defined as follows:

a- Transistor Parameters:

TCIS = ~8.968¢3K !
TCRG = 327.7¢e — 6K ™!
TCRD = 1.617¢ — 3K™!
TCrps = 182.6e — 6K !
TCB =0

TCucrit = 5.172¢ — 3K !
TCV,, = —891.8¢ — 6K !
TCa = -341.7¢ — 6K~}
TCA =2.702¢c — 3K™!
TCCGS = 500¢ — 6K~
TCRDS =0

b- Diode Parameters:

TCIS = —8.968¢3
TCRS = l.4¢ -3
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Figure A.7: Vi, spread across the wafer at 150 degrees C

¢- Load resistance:

The load resistors used in the SCFL gates are fabricated using
ion implantation. The temperature coefficients can be as low as
100 ppm/°C, which are well below those obtained for diffused resis--

tors [22]. Therefore their variations with temperature are neglected

in the simulations.

The spread of the extracted parameters Vi, A, 8, o, I, and Ry, across the wafer, at 150

degrees C, are shown in Fig A7, A.8, A9, A.10, A.11, and A.12 respectively.
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Figure A.8: X spread across the wafer at 150 degrees C
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Figurc A.9: B spread across the wafer at 150 degrees C
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Figure A.10: o spread across the wafer at 150 degrees C
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Figurc A.11: Is spread across the wafer at 150 degrees C 
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Figure A.12: R, spread across the wafer at 150 degrees C
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