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1. Introduction

During the last 25 years, integrated circuits (ICs) evolved from a

multi component electronic building block [1.1] to electronic

systems with 100,000 components and more. In the 1960s bipolar

technology was the major technology for the fabrication of ICs. TTL

(Transistor Transistor Logic) became the most widely used family of

logic components for building electronic systems. Since the late

1960s it is also feasible to use MOS (Metal Oxide Semiconductor)

transistors for building electronic systems. Due to the lower power

consumption and the higher packing density capability compared to

bipolar technology, MOS technology is regarded as the only

technology capable of realizing VLSI (Very Large Scale Integration)

circuits. Especially CMOS (Complementary MOS) is the centre of

interest in this respect [1.2]. This is a technology for realizing

NMOS (N-channel MOS) transistors and PMOS (P-channel MOS)

transistors in one IC. Figure 1.1 shows simplified NMOS and PMOS

structures.
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Fig. 1.1 Simplified representations of an NMOS and a PMOS

transistor.

Bipolar technology is still the major technology for realization

of analog circuits and for digital circuits which require a high

switching speed [1.3]. Recently MOS technology has also attracted

interest in the field of analog applications [1.1].



This thesis deals with the development of a CMOS process for

realization of digital circuits. It uses a p-type substrate. Hence,

an n-type region is required to act as the bulk for the PMOS

transistor. This region is called an n-well, or sometimes an n-tub

or n-pocket. In this thesis it is also referred to as isolation

wel1, to emphazise that its type of doping is opposite to that of

the substrate. Problems in developing a CMOS process are mostly

related to this isolation well. It will be shown that by using

high energy ion implantation, it is possible to reduce lateral

dimensions to obtain a rather high packing density. High energy ion

implantation is also presented as a means of simplifying CMOS

processing, since extended processing steps at elevated

temperatures are superfluous. Process development is also

simplified, because critical electrical parameters only depend on a

single processing step. Ion implantation is the only doping

technique used. It can be modelled very accurately in process

simulation programs. Hence, these programs have been a major tool

in developing the process. In the remainder of this thesis the

developed process is referred to as THT-CMOS process. THT stands

for Technische Hogeschool Twente (Twente University of Technology).

1.1 Outline of this thesis

The remainder of this introductory chapter 1 consists of a

discussion of some advantages and disadvantages of CMOS and a short

historical review of CMOS development.

Chapter 2 deals with physical phenomena, demands on CMOS devices

and limitations and possibilities of CMOS processing. Subsequently

impact ionization and latch-up will be treated and the consequences

for CMOS will be discussed. Latch-up is the firing of a parasitic

thyristor. This npnp structure is inherently present in CMOS.

Important demands that also have to be taken into account are a 5 V

supply voltage, a high switching speed, a reliable processing

sequence, reliable device characteristics and a high packing

density. The first two chapters may seem general in nature.
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However, they incorporate design considerations which have led to

the THT-CMOS process.

Chapter 3 provides a description of the THT-CMOS process. It also

explains the motivation for the processing sequence used and the

impurity distributions obtained by simulation. Although process

simulation has been a major tool in developing the process, this

is hardly emphasized in the text. The results of simulations are

merely used to i l lustrate device structures and device

characteristics.

Measurements on experimental test structures are presented in
chapter 4. Some characterization techniques are also discussed and
results are compared with simulations. An algorithm is preeented
for obtaining prime MOS transistor model parameters during
measurement. A flexible IC device model parameter extractor,
implemented as the PROMEA program, is also presented. It is used to
obtain SPICE MOS model parameters of transistors fabricated using
the THT-CMOS process. Finally, measurements of switching speed and
latch-up susceptibility are discussed.

Design rules are briefly discussed in chapter 5. A short overview
is given of designs already realized using the THT-CMOS process.
The design of a gate array is further elaborated. It was the first
design realized and used to test the viability of the process and
the design rules.

Finally chapter 6 gives, after some conclusive remarks, a
chronological summary of the development of the THT-CMOS process. A
number of subjects for further research are also discussed. The
appendices provide detailed information about the processing
sequence and the design rules.

1.2 Some advantages and disadvantages of CMOS

As has been stated before, only MOS technologies are regarded as

suitable for realizing VLSI circuits. Therefore switching
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techniques in three different MOS technologies are discussed in

this section. It is concluded that CMOS circuits have many

advantages ove^ enhancement NMOS and E/D (Enhancement/Depletion)

NMOS circuits, including a lowsr static power dissipation, a

higher noise immunity and a higher switching speed. Other

advantages of CMOS circuits are a wide temperature operating range,

a wide supply voltage operating range and a high immunity to

radiation induced charge carriers.

Figure 1.2 shows a simplified inverter together with a transfer

function for the purpose of discussing switching techniques. The

driver is the active device which performs the inversion of the

ir-put signal. The load is the device which defines the output

..I..
load

, 1

._./ | driver

{ \

Fig. 1.2 Simplified inverter circuit diagram and transfer
function.

signal when the driver is not activated. In the diagram of the

transfer function H voltages are defined:

VQH - Minimum high output voltage,

VQL - Maximum low output voltage,

12



V1H " Minimum high input voltage,

^IL " Maximum low input voltage.

Noise immunity is a measure for the capability of an inverter to

restore logic levels. It is quantified by two noise margins:

NM = IV - V I
K ' nil I H 1

NM = V - V
L OL 1L

(1 .1)

(1 .2)

Since normally IH - VIL| is smaller than |VQH ~ v0L|.

inverter has level restoring capabilities.

is often defined as equal to the threshold voltage of a MOS

transistor and VQH as equal to the supply voltage minus the

threshold voltage. In the following discussion about MOS inverters

a supply voltage of b V and a threshold voltage of 1 V is a::;.umed.

Other transistor model parameters are identical to those given in

section -4.3, unless stated otherwise. The given results are

obtained by SPICE simulations of the circuit shown in fij. 1.3-

Fig. 1.3 Diagram of the circuit used for comparing inverters in

different technologies.
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Fig. 1.4 Circuit diagram, transfer function and transient response

of an all enhancement NMOS inverter.

Figure 1.4 shows the circuit diagram, transfer function and

transient response of an enhancement NMOS inverter. Enhancement

means that the NMOS transistors do not conduct with a zero gate-

source voltage. The given numbers in the circuit diagram represent

the width to length ratio of the transistors. The gate of the load

transistor is connected to its drain. Therefore the load is always

conductive. Consequently the driver not only sinks current from

the output capacitor but also current from the load when the

output is low. This results in static power dissipation of

circuits. For a given width to length ratio of the driver

transistor the width to length ratio of the load transistor

determines the minimum output low voltage. It is clear from fig.

1.4, that V O H cannot be defined at 4 V, but has to be defined

for instance at 2.5 V. Assuming that V Q L = 1 V, then the noise

margins are NM^ =' 0.5 V and NM^ = 0.6 V. The rise time tr can

be defined as the time necessary for an output transition from
v0L to VQH- This results in a rise time tr = 14 ns in this

case. The fall time tf can be defined in a similar manner

resulting in tf = 2 ns. It should be noted that rise and fall

times of the output signal strongly depend on rise and fall times

of the input signal. This is demonstrated in fig. 1.4 by the

different output signals VQ and VQ'.

An improvement to the all enhancement NMOS technology is the E/D

14



NMOS technology. Here the load is a depletion transistor, which

means that it conducts at zero gate-source bias. The depletion

transistor can easily be realized in an enhancement NMOS process by

addition of an ion implantation to the processing sequence. Figure

1.5 shows the electrical diagram, the transfer function and the

transient response of an E/D NMOS inverter. The threshold voltage

of the depletion NMOS transistor is taken as -3 V. From fig. 1.5 it

follows that NMH - 1.3 V, NML = 1.1 V, tr = 6 ns and tf = 2

rC*

0 I 2 3 4 5

V i n (V)

10 20 30 40 50

Time C n 5)

Fig. 1.5 Circuit diagram, transfer function and transient response

of an E/D NMOS inverter.

ns. The main difference with the all enhancement NMOS inverter is

that an output high, voltage of 5 V can be obtained. However, the

rise time is still much longer than the fall time. A so-called

super buffer does not have this drawback at the expense of

increased area and power consumption. The electrical diagram of a

super buffer is shown in fig. 1.6 together with its transfer

function and transient response. It follows that NM;.j = ].H V,

NML = 1.3 V, tr = 3 ns and tf = 2 ns.

In CMOS an enhancement PMOS transistor is used as a load. Its

switching behaviour is complementary to that of an NMOS transistor

[1.5]. Therefore it is possible to use the gates of both the driver

and the load as the input, as is shown in fig. 1.7. The NMOS

transistor conducts when the input is high and the PMOS transistor

conducts when the input is low. It is only during switching, that

both transistors conduct. Hence, the power dissipation of a CMOS

15



•/,„ I

10 20 30 40 50

Time ( n 5)

Fig. 1.6 Circuit diagram, transfer function and transient response

of an E/D NMOS super buffer.

inverter is a purely dynamic one. There is also dynamic power

dissipation due to the capacitance at the output node. For

frequencies higher than 10 MHz the dynamic power dissipation is

usually even larger than the static power dissipation of a TTL

inverter, as shown in fig. 1.8. Of course this is also the case

for NMOS. The width to length ratio of the PMOS transistor is

chosen in such a way that it compensates for the lower

transconductance of the PMOS transistor. As a result, identical

rise and fall times tr = tf = 2 ns are obtained. The noise

margins are NM^ = 1.3 V and NM^ = 1.4 V. These rather high

values are due to the symmetrical transfer function and the high

voltage amplification. Hence, the transient response of a CMOS

inverter is comparable to that of an E/D NMOS super buffer. Only

the CMOS inverter uses less and smaller transistors.

It becomes clear from the foregoing examples that, in contrast to

its NMOS counterparts, a CMOS inverter has no static power

dissipation. Even at higher frequencies the total power dissipation

of a CMOS circuit is much lower than that of a comparable NMOS

circuit, because normally not all logic gates switch at the speed

of the clock frequency. On the eve of VLSI this is an important

topic, since large NMOS circuits already dissipate up to 1 Watt,

which is the "thermal barrier" for standard dual in line packages

[1.6]. Due to the low operating temperature of CMOS circuits it is

16
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Fig. 1.7 Circuit diagram, transfer funation and transient response

of a CMOS inverter.

expected that their long term reliability is good. An additional

result is that equipment with CMOS circuits can save on cooling

provisions, which costs are in many cases a significant part of the

total expenditure.

The foregoing discussion of MOS inverters makes it clear that both

10'
typical power
dissipation
ImW)

10kHz 100kHz 1MHz 10MHz

operating frequency

Fig. 1.8 Typical power dissipation per gate of a CMOS and a TTL

inverter as a function of signal frequency.
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NMOS technologies result in a lower average switching time than

CMOS. The CMOS rise and fall times are short and symmetrical,

whereas NMOS has a short fall time and a large rise time. The

examples also point out the superiority of CMOS in terms of noise

margins.

Compared to other technologies the CMOS inverter transfer function

is not determined by bias currents of transistors. Therefore the

CMOS transfer function is quite temperature insensitive, which

results in a wide temperature operating range. For similar reasons

the transfer function is independent of the supply voltage. The

input voltage at which the output changes its state depends only on

the transconductance ratio of NMOS and PMOS transistors and scales

with the supply voltage. Therefore CMOS can operate at voltages as

low as the sum of the NMOS and PMOS threshold voltages and as high

as permitted by junction breakdown or field inversion. This is in

sharp contrast with the tolerated deviation from the nominal 5 V

supply voltage for NMOS and TTL circuits.

With decreasing memory cell size, radiation has become a problem

for dynamic memories. Radiation induced electron-hole pairs can

result in leakage currents, which may change the contents of

memory cells. The statement that CMOS memories are less sensitive

to these so-called soft errors is only valid if the memory cells

reside in the isolation well. The biased substrate-wf.ll junction

forms a barrier for radiation induced charge carriers generated in

the substrate. Only carriers generated in the well can cause soft

errors. Because the volume of the well is much smaller than that

of the substrate, the probability on a soft error is accordingly

smaller. The same arguments are also valid for carriers thermally

generated in the substrate. These carriers generate the normal

leakage current which necessitates the refreshing of memory cell

contents. Placing the memory cells in the well will therefore

increase the storage time of dynamic memories. Hence, CMOS is

expected to be used for dynamic memories in the near future [1.7].

The circuit design will however resemble NMOS designs, due to the

high level of sophistication already obtained in NMOS circuits.

The advantages mentioned so far are the reason for an increasing

18



interest r CMOS [1.8]. Howe/er, CMOS processes are more

complicate. :.h;<r. NMOS processes. This increases the fabrication

costs not oni> ue to the increased number of processing steps

involved, but a^io due to reduced yield. With today's sophisticated

processing equipment yield is no longer a major problem, packing

density is. Traditionally CMOS uses a 5 to 10 ym deep isolation

well obtained by diffusion. Consequently, there is also a

significant lateral extension of the well of several pm. This

limits the possible packing density in CMOS circuits. Packing

density is also limited due to the previously mentioned latch-up

effect. To prevent latch-up a large distance between devices in the

substrate and those in the isolation well should be maintained.

1.3 A historical note on CMOS

Soon after the discovery of the MOS transistor by Kahng and Atalla

in 1960 [1.9], the concept of CMOS was proposed by Sah and Wanlass

in 1963 [1.10]. Its initial popularity, spearheaded by development

at RCA in the mid 1960s, was for its capability to realize low

power digital circuits for battery powered equipment, like hand-

held calculators and wrist watches.

A metal gate p-well inverter cross section, typical for the early

processes, is shown in fig. 1.9 [1.11]. At that time it was quite

difficult to obtain low surface impurity concentrations, necessary

for high speed and high voltage operation of MOS circuits. Using a

boron doped and therefore a p-type isolation well facilitated

processing, due to out-diffusion of boron during oxidation

resulting in a low surface impurity concentration. Hence, the p-

well drive in was carried out in an oxidizing ambient. This p-well

also compensated, to a certain extent, the threshold voltage shift

caused by alkali ions in the gate oxide. Contamination of the gate

oxide with alkali ions was a serious problem in the 1960s. The

regions with high impurity concentrations surrounding MOS

transistors are typical for CMOS processes of that time. These so-

called guard rings are necessary for a good isolation between MOS

19



Fig. 1.9 A metal gate p-well CMOS structure typical for the-1960s.

transistors and latch-up free operation. The processing costs were

high because the guard rings required additional processing.

Therefore an intensive development was not pursued at that time.

This p-well process, that remained unchanged for nearly a decade,

was only used by a few semiconductor manufacturers.

Around 1970 the succesful silicon gate NMOS process was developed

[1.12]. NMOS technology became feasible with the introduction of

ion implantation. Ion implantation allowed reproducible formation

of layers with low surface impurity concentrations. The process

uses the polysilicon gate as a mask for subsequent source and

drain formation. Hence, source and drain are self-aligned to the

gate, which results in a small gate-drain overlap capacitance.

Consequently, a high switching speed capability was obtained. The

switching speed was also increased by the introduction of the

depletion transistor load. The NMOS process also showed a high

packing density capability at relatively low processing costs. It

made LSI circuits, like microprocessors and large memories,

feasible. It resulted in a large demand for NMOS circuits. This

NMOS based boom of semiconductor sales overshadowed the interest in

CMOS and bipolar circuits. I2L (Integrated Injection Logic) was

invented during this period, but like CMOS, it was condemned to be

interesting only for special applications.

NMOS processes reached a high level of sophistication in the late

1970s. Consequently the process complexity increased. Processes of

that time are characterized by downscaling of feature sizes to the

2 urn level and the use of more than 6 masks, a number which is

20



typical for the standard E/D NMOS process. With increasing packing

density in NMOS circuits, power dissipation also increased and

became a problem. This revived tho interest in CMOS in the early

1980s. It became clear when CMOS is also downscaled to the 2 urn

level, that it is preferable to NMOS in terms of circuit design.

This is demonstrated by the examples discussed in section 1.2.

Important processing steps for the second generation CMOS, already

introduced in the mid 1970s by MITEL and PHILIPS [1.13], are

polysilicon gate, LOCOS (LOCal Oxidation of Silicon) and ion

implantation. Figure 1.10 shows a typical inverter cross-section

for these processes. The drawing scale is about the same as that of

fig. 1.9.

Fig. 1.10 A silicon gate CMOS structure using LOCOS.

The increase in packing density capability is noteworthy. Employing

local oxidation makes space consuming guard rings obsolete,

whereas ion implantation improves the reproducibility of threshold

voltages. These processing steps, together with others, increased

the reliability of CMOS processing, therefore reducing the

fabrication costs. At the same time NMOS became more expensive

because of the increased process complexity, as previously

mentioned.

Due to the power dissipation limitations of NMOS, all of today's

major semiconductor manufacturers use or are planning to use CMOS

for the realization of VLSI circuits. Figure 1.11 shows the price

per bit for semiconductor memories by technology. Assuming that the

price per bit is inversely proportionate to the volume of

production it shows the growing importance of CMOS.
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Fig. 1.11 Trends in memories by technology.
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2. Considerations on CMOS processing

This chapter incorporates the design considerations for the THT-

CMOS process. It discusses some physical phenomena, demands on CMOS

devices and possibilities of CMOS processing. High energy ion

implantation is introduced as a means to obtain a near ideal

impurity distribution in the bulk of both NMOS and PMOS

transistors. High energy ion implantation also makes extended high

temperature cycles superfluous, which permits a high packing

density in CMOS circuits.

2.1 Impact ionization

Impact ionization, or avalanche multiplication, is an effect

associated with high electric fields in semiconductors. It is the

major effect leading to junction breakdown at low impurity

concentrations. If the electric field within a depletion region is

not too high, thermally generated electron-hole pairs result in a

regular junction leakage current. However, if the electric field is

high enough, generated electrons and holes can gain sufficient

energy to create further electron-hole pairs upon colliding with

silicon atoms in the lattice. In turn, these will be able to ionize,

and create still further electron-hole pairs in a similar manner,

and so on. This process is called avalanche and the resulting

increased reverse current Ir is given by:

I - M * I (2.1)
r rO

where M is the multiplication factor and Iro the reverse current

at low electric fields. Breakdown of the junction occurs, when M

becomes infinite.

25



In the case of a MOS transistor in saturation, there is not only a

high electric field associated with the reverse biased drain-bulk

junction, but also an electric field in the pinch-off region.

Therefore the drain current I,j becomes [2.1]:

I = M'
d

* I + M * I
ds dO

(2.2)

where M1 and M are multiplication factors, Î g the drain-source

current and I^Q the reverse current of the drain-bulk junction.

Neglecting this reverse current, impact ionization results in a

bulk current Ibs:

I = 1 - 1 = (M1- 1) * I
bs d ds ds

(2.3)

The bulk current Ibs as a function of gate-source voltage for a

long channel MOS transistor is shown in fig. 2.1. The drain current

and the generation current in the depletion layers are also shown.

15

VGIV)

Fig. 2.1 Drain and bulk auvvent versus gate voltage showing the

effect of impact ionization.
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This bulk current together with a bulk series resistance give rise
to a forward bulk-source bias of the intrinsic MOS transistor,
increasing I d s and therefore I b s . When this bulk-source bias is
high enough, the parasitic lateral bipolar transistor is turned on.
Figure 2.2 illustrates this effect, which is more pronounced at
small channel lengths [2.2].

vs

DEPLETION
BOUNDARY

p-S

Fig. 2.2 Parasitic bipolar action caused by impact ionization.

The overall effects of impact ionization are a bulk current and a

breakdown voltage of the MOS transistor, which is lower than the

breakdown voltage of the drain-bulk junction. The bulk current may

initiate latch-up in the CMOS configuration. The breakdown voltage

decreases with increasing drain current resulting in a so-called

negative-resistance breakdown or snap-back breakdown.

Negative-resistance

because:

breakdown hardly occurs in PMOS transistors,

- the ionization rate of holes is lower than that of

electrons, resulting in a lower bulk current,

- the drain-source current is smaller in PMOS transistors

under the same bias conditions,

- the substrate resistance is lower since the bulk is n-

type.

27



Returning to CMOS and considering impact ionization, the NMOS

transistor should therefore have the lower bulk resistance. This

means that the NMOS transistor should be chosen as the substrate

device, which leads to an n-well technology. As a starting material

a lightly doped p-type epitaxial layer on top of a heavily doped p-

type substrate should be chosen. Transistors are formed in the

epitaxial layer, whereas the substrate provides a low bulk

resistivity. The n-well also has the advantage of having a lower

sheet resistivity compared to a p-well for comparable impurity

concentration levels. This results in a lower bulk resistance for

the well device.

2.2 Latch-up

A pnpn structure is found inherently in bulk CMOS [2.3]. To analyse

this parasitic thyristor it is modelled by two bipolar transistors.

The model is shown in fig. 2.3. Also two resistors, associated with

source and bulk connections of NMOS and PMOS transistors, are

present in the model. Latch-up is the firing of the thyristor or,

in terms of the model, the bipolar transistors are turned on. This

will happen when the base current of one of the bipolar transistors

is high enough. Once a transistor is conductive the situation is

self-sustaining, because the transistors provide each others' base

current. As is clear from fig. 2.3 latch-up causes a current path

between the supply rails, which may cause a sharp increase in

supply current. This may even damage the circuit permanently. The

current path is along a circuit node resulting in malfunctioning

of the circuit in most cases.

Several conditions have to be met before latch-up can occur. First,

a base current has to be generated in one way or another, since in

normal operation both base-emitter junctions of the bipolar

transistors are reverse biased. Second, the product of the current

gains of both bipolar transistors has to be greater than one,

otherwise the situation is not self-sustaining. Furthermore the

collector currents have to be large enough to cause sufficient
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Fig. 2.3 Simplified latch-up model consisting of a bab lateral

bipolar transistor and an aba vertical bipolar

transistor.

large voltage drops over the resistors to keep the bipolar

transistors conductive. The latter two conditions can be expressed

in terms of the thyristor in holding current or holding voltage.

Note that the base currents of the bipolar transistors are

identical to bulk currents of the MOS transistors. It is important

to note that latch-up is a three dimensional effect, therefore

technology as well as layout have to be considered when discussing

latch-up. For this reason latch-up is often discussed only in a

qualitative way.

In general latch-up is induced by a bulk current. For instance a

forward biased drain-bulk junction will cause a bulk current by

minority carrier injection. At inputs or at outputs of circuits the

junctions of overvoltage protections can be externally forward

biased. Therefore inputs and outputs are generally regarded as the

parts of a circuit most prone to latch-up, because the designer can

only foresee the application of a circuit to a certain extent.
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Also at fast transients a temporary increase of the output voltage
of an inverter beyond the supply voltage can occur, due to the
gate-drain overlap capacitance. The magnitude of this overshoot
depends on the transient, the gate-drain overlap capacitance and
the switching speed of the inverter. Therefore i t can be predicted
by circuit analysis. Radiation can be the cause for spontaneously
generated bulk current. Especially in the case of space
applications and weapon systems is this an important design
criterion. Finally, bulk current can be avalanche current, as has
been discussed in the previous section, though a circuit should not
operate at supply voltages where avalanche currents are
significant. However, significant avalanche current may be induced
by spikes on the supply r a i l .

Most of the measures to prevent or minimize latch-up are taken in

the layout of a circuit. One of these measures is to diminish the

current gain of the lateral bipolar transistor of fig. 2.3, by

using a large distance between the substrate transistor and the

edge of the isolation well. Another measure is to make the

resistors of fig. 2.3 as small as possible. This can be achieved by

extensive well and substrate contacting [2.4], or by guard rings as

is shown in fig. 1.9. One of the most remarkable measures to avoid

latch-up is the use of dummy collectors. Figure 2.4. shows a cross^

section of the technology of the HARRIS HM 6641-2 [2.5]. It uses an

Vo

Fig. 2.4 Latoh-up resistant CMOS structure using dummy collectors

around the p-type isolation well.

n-type ring around the p-well connected to V+, and around this

structure a p-type ring, connected to Vo. These rings act as

current drains for possible lateral substrate currents.
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Up to now it has not been possible to eliminate latch-up in a

satisfactory way, only by choice of technology. Neutron and

electron irradiation and gold doping have been used to reduce the

lifetime of minority carriers. It is possible to eliminate latch-up

in this way, because the product of the current gains of the

bipolar transistors of fig. 2.3 can be made less than one. A severe

drawback to these methods is that junction leakage currents will

increase as well, which deteriorates device performance. Looking at

the latch-up model of fig. 2.3 and considering more conventional

MOS processing, only the current gain of the vertical transistor

and the value of the resistors can be influenced by choice of

technology. The current gain of the vertical bipolar transistor

depends mainly on the well doping and the well depth, since the

well forms the base of this transistor. Because a rather low

surface concentration is needed in the well to obtain a reasonable

threshold voltage, wells with a depth of 5 to 10 ym are quite

normal. Typical current gains are in the range of 80 to 200. Here

n-well technology has an advantage over p-well technology. This is

because the current gain of a pnp transistor is lower than that of

a npn transistor with about the same doping levels, due to the

lower mobility of minority carriers in the base. The resistors in

the latch-up scheme of fig. 2.3 are directly related to the sheet

resistivities of isolation well and substrate. Here n-well

technology has also an advantage over p-well technology. An n-

well has a lower sheet resistivity than a p-well for about the same

doping levels, resulting in a lower Rweil
 i n f i8- 2-3- T n e sheet

resistiviy of the substrate can be made low by using an epitaxial

layer on top of a heavily doped substrate.

Note that impact ionization and latch-up considerations both favour

the use of an n-type isolation well and a p-type epitaxial layer

on a heavily doped p-type substrate.

2.3 Short channel and hot electron effects

Short channel and hot electron effects are intrinsic MOS transistor

effects, not particularly related to CMOS. These effects are

important, especially when feature sizes are scaled down.
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As channel length is reduced, the depletion layer widths of source

and drain junctions become comparable to the channel length. The

potential distribution under the gate now depends not only on the

vertical electric field controlled by gate and bulk bias, but also

on the lateral field controlled by the drain bias. The result is a

degradation of subthreshold behaviour, dependence of the threshold

voltage on biasing voltages and failure of current saturation due

to punch-through [2.6].

Short channel effects depend on the source-drain spacing, the

source and drain junction depth, the biasing voltages and the

substrate doping. A powerful tool to study these effects is the

device simulation program MINIMOS [2.7], especially if it is used

in conjunction with a process simulation program. Generally it can

be stated that to avoid short channel effects the source and drain

junctions should be shallow and the substrate doping should be

high. Short channel effects are often the limitation for

downscaling device dimensions. Processes are then called an x-

micron MOS process. This suggests however that the maximum drain

voltage is of no importance.

The hot electron effect is, like impact ionization, associated with

high electric fields [2.6]. As the field along the channel of an

NMOS transistor becomes high, it is possible that some electrons

gain sufficient energy to overcome the Si-SiO2 barrier of 3.1 eV

and are injected into the gate oxide. These so-called hot electrons

can also originate from impact ionization 12.82. Finally, thermally

generated carriers can be injected into the oxide due to a high

vertical electrical field in the bulk. The effects of hot electrons

on MOS transistor characteristics, after being trapped in the gate

oxide, are shown in fig. 2.5. The threshold shifts towards a more

positive voltage. The transconductance becomes smaller, because of

reduced channel mobility, and the subthreshold slope becomes

larger, because of the increased interface trap density. Therefore

the hot electron effect constitutes a long term reliability

problem. In PMOS transistors hot electron injection occurs due to

impact ionization when the transistor is in saturation [2.9],

Injection of holes into the gate oxide occurs at higher electrical

fields, because the Si-SiO2 barrier for holes is about 3.8 eV.
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Fig. 2.5 Effects of oxide aharging due to hot electrons.

Due to downscaling of transistor dimensions without corresponding

downscaling of supply voltage, the hot electron effect becomes

increasingly important. The effect can be minimized by using a

graded impurity profile for the drain, which reduces the maximum

electrical field in a MOS transistor. LDD (Lightly Doped Drain)

[2.10] and DDD (Double Diffused Drain) [2.11] structures are

examples of this approach. In the THT-CMOS process a DDD structure

is used for the NMOS transistors, mainly to avoid complex

processing.

2.1 Supply voltage and switching speed

As mentioned in section 1.1, CMOS can operate over a wide supply

voltage range. However, operation at higher voltages demands a

larger silicon area, because isolation is achieved by reverse

biased pn-junctions.

Apart from special equipment, most electrical circuits operate at

5 V. This supply voltage originates from the time that TTL was the
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most widely used technology for digital circuits. When NMOS took

over, the supply voltage remained at 5 V. Both TTL and NMOS need a

reasonably constant supply voltage within 10?. Therefore it seems

logical for compatibility reasons, that a newly developed CMOS

process should be designed for operation with a 5V supply voltage.

This low supply voltage allows small distances between devices,

which permits a high packing density in circuits.

A low supply voltage also means a low current drive capability of

MOS transistors. This increases the time needed to charge parasitic

and interconnect capacitances, therefore reducing the switching

speed. The dilemma whether to choose a high supply voltage for a

high switching speed, or a 5 V supply voltage for compatibility

reasons, has already been solved by industrial trends in favour of

the latter. From a technological point of view, the parameters

that can be chosen to increase the switching speed of a CMOS

inverter are transconductance of the MOS transistors, capacitances

at circuit nodes and resistance and capacitance of interconnect.

The transconductance 8 is given by:

B = - * M * C (2.4)
L ox

Where W and L are the width and length respectively of the MOS

transistor, p the effective carrier mobility in the inversion layer

and Cox the gate capacitance per unit area:

C - (2.5)
ox t

ox

Here e is the permittivity of silicon oxide and tox the gate

oxide thickness. The impurity concentration underneath the gate is

also important, since at higher concentrations the carrier

mobility will be lower, which results in a lower tranconductance.

This impurity concentration cannot be chosen freely, because it

also determines the threshold voltage of the MOS transistor. The

minimum allowable gate oxide thickness is mainly limited by



reliability reasons. It is therefore a parameter, which can be

chosen rather freely when designing a process, provided the gate

oxide does not become too thin. The minimum achievable gate length

is determined by the sophistication of the alignment equipment

used. Increasing the transconductance by enlarging the width of a

MOS transistor does not make much sense, since this would also

increase the gate capacitance at circuit nodes and decrease the

packing density.

Capacitances at circuit nodes are mainly gate capacitances of other

MOS transistors. Hence reduction of the channel length L is

advantageous in two ways. It increases the current drive capability

of MOS transistors and reduces the gate capacitance [2.12]. When

the gate length is decreased the current drive capability I of MOS

transistors will increase, whereas circuit node capacitances C will

decrease:

I = o, * p (2.6)
L

C = c2 * W * I (2.7)

Where c2 and c2 are proportionality constants. Hence, switching

speed t is proportionate to L squared:

(2.8)

Other circuit node capacitances are those associated with the

drain-bulk junction and interconnect. These capacitances are

limited by the alignment equipment used, because they scale with

dimension. Interconnect capacitances can be made small by using a

thick isolation layer between interconnect and the silicon

substrate or by decreasing the width of interconnect.

Usually aluminium is used for the interconnect. Then series

resistance of the interconnect is not significant. Often poly-

silicon is used as a second interconnect layer. This layer may

have a resistivity of 20 - 150 a/a. Then propagation delays in
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interconnect can be a speed limiting factor in a circuit.

Especially with increasing chip size and increasing clock

frequencies this is an important topic. Using silicides instead of

polysilicon may reduce the resistance of the second interconnect

layer downto 1 - 5 il/a.

2.5 Reliable processing sequence

It is not possible to copy an NMOS process and simply double the

number of processing steps to obtain a CMOS process. The number of

delicate processing steps involved would prevent any yield.

Therefore a design criterion for CMOS processing should be that

processing steps for NMOS and PMOS transistors have to be combined

as much as possible. Obvious processing steps to achieve this are

the etching of contact holes and the patterning of metallization.

Another method to increase the reliability of the processing

sequence is to use self-alignment. This means that the structure

itself is used for alignment, which makes the result of processing

steps independent of human or machine accuracy. For instance the

use of polysilicon gates [2.13] allows sources and drains to be

self-aligned to the gate. The desire for a few processing steps

and many self-alignment steps, cumulates in a design criterion

that strives for a small number of masks.

It is imperative that processing is clean, because contaminations

in the silicon wafer increase junction leakage currents

dramatically and reduce the breakdown voltage of silicon oxide. A

cleaning step before every high temperature cycle is mandatory,

otherwise surface contaminants would diffuse into the wafer. It is

also good practice to leave the silicon surface covered as much as

possible, for instance with silicon oxide. For this reason ion

implantation is the most favourable doping technique, because the

dopants can be applied without removal of the protective layer.
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Nowadays ion implantation is the only doping technique which meets

the demand for high accuracy in MOS processing. Masks of any

convenient material such as photoresist, silicon cxide, silicon

nitride or polysilicon can be used. Above all, dose control is

excellent. Therefore much attention has recently been paid to a

twin-well approach in CMOS [2.14]. Both wells are formed by ion

implantation, yielding very reproducible device characteristics,

because the impurity concentration under the gate oxide of both

NMOS and PMOS transistors is determined by ion implantation.

Furthermore, NMOS and PMOS devices can be optimized quite

independently.

The acceleration voltages used in commercially available ion

implanters range from 30 kV to 200 kV. Ion implantation can then

only be used as a very accurate doping technique, since subsequent

diffusion is necessary to obtain the desired layer characteristics.

With high energy ion implantation, defined here as implantation

with energies beyond 350 keV, it is possible to use the depth range

as a parameter in designing a process. This feature is main topic

of this thesis. It allows a flexible process development without

deterioration of device performance, as will be shown. It has been

demonstrated that characteristics and anneal behaviour of layers

formed by high energy ion implantation are similar to those of

layers obtained by low energy implantation [2.15].

2.6 Processing equipment.

The quality of lithography, etching and layer deposition mainly

depends on the sophistication of the equipment used. Therefore the

equipment available imposes boundary conditions on the development

of a process. Apart from the standard outfit of an IC laboratory

the equipment available for the work described in this thesis

included:
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- 500 kV ion implanter,

- 4 : 1 manual wafer stepper,

- RIE system for etching of polysilicon, silicon nitride,

silicon oxide and aluminium,

- LPCVD reactor for deposition of polysilicon and silicon

nitride,

- CVD reactor for deposition of silicon oxide and BPSG flow

glass,

- Evaporation equipment for deposition of aluminium,

- Computer controlled double wall furnaces.

The rather high acceleration voltage of the ion implanter offers

the possibility of choosing the depth of the maximum concentration

of the implanted impurity. There is however a practical restriction

to the use of high energy ion implantation. One of the design

criteria formulated is reliable processing using a small number of

processing steps. This implies the use of only photoresist as a

mask during implantation. An available photoresist is AZ 1375 with

a layer thickness of about 3 um after spinning and baking. This

limits the maximum implantation energy for well formation to

approximately 550 kV and 1 MeV for boron and phosphorus

respectively, due to the low stopping power of resist.

The pattern generator available for mask generation and the mask

aligner allow a minimum feature size of about 2 pm with a

registration accuracy of about 1 um for every layer. Initially 5 pm

design rule layouts have been used during development of the

process, so lithography would not be a problem. In more recent

work this has been changed into 2.5 um design rule layouts, which

is limited by lithography. This means in this case that the minimum

feature size is 2.5 ym and the allowable misalignment half of that

value.

RIE (Reactive Ion Etching) is a dry etching technique in a low

temperature gas discharge. RIE gives anisotropic etching, therefore

no undercutting of the mask occurs. Due to the worldwide trend

towards smaller dimensions, dry etching is replacing wet etching.

The result of RIE is that only the front side of the wafer is

etched. This property is used in processing steps which result in

gettering of metal contaminants on the back of the wafer, as will
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be discussed in sections 3.5 and 3.7.

CVD (Chemical Vapour Deposition) is a technique for deposition of

layers on surfaces. The reacting species in the gas phase are

transported to the heated wafer and react at its surface to form a

layer. At atmospheric pressures a layer is deposited on the front

side of the wafer only. An improvement is LPCVD (Low Pressure CVD).

It is done in a different type of reactor and achieves complete

covering of the wafer surface, also on the back of the wafer.

In order to reduce the contact resistivity between the aluminium

metallization and the silicon an alloy step is employed. However, a

lot of silicon dissolves in the aluminium at the temperatures

used, which may result in shorted junctions under contacts. Using

aluminium which already contains 1 % silicon as metallization

prevents this effect to a large extent. Aluminium evaporation

deposition is being more and more replaced by aluminium sputter

deposition, because the percentage of silicon in the deposited

aluminium layer is controled much better by a sputter technique

than by an evaporation technique. An important consideration for

this is the need for shallow source and drain junctions to avoid

short channel effects. It has not been possible to have source and

drain junctions shallower than approximately 0.6 urn using the

evaporation equipment of the IC laboratory of Twente University of

Technology.

Computer controlled furnaces offer excellent temperature control.

Reproducible temperature ramping is possible, which results in

reduced wafer warpage and reduced defect density. Contaminations in

furnace tubes are often metal species, which diffuse through the

wall of the tube into the wafers. In a double wall system chlorine

containing species, such as C33 (1.1.1.-trichloroethane), and

oxygen flow through the annulus to react with possible metal

contaminants. All gaseous species in this space are drained to the

exhaust. As a result contamination of the inner tube, in which the

wafers reside, is minimized.
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2.7 Designing a CMOS process

The design of a CMOS process is a matter of finding a balance

between demands imposed by the application on one hand and the

possibilities of processing on the other. The application can be

either digital or analog circuitry, or both. Prime demands for

digital circuitry are a high switching speed and a high packing

density. For analog applications equality of devices is very

important, whereas packing density is less important. The THT-CMOS

process is primarily intended for digital applications.

First the supply voltage has to be chosen. A 5 V supply voltage is

preferred for digital circuits, as has been outlined in section

2.4. Overshoot voltages can occur up to twice the supply voltage

theoretically, due to gate-drain overlap capacitances. NMOS and

PMOS transistors must therefore be able to function at bias

voltages up to 10 V.

To obtain a high switching speed, transistor dimensions must be as

small as possible, capacitances must be small and the trans-

conductance of both NMOS and PMOS transistors must be as high as

possible. The minimum allowable dimension, or CD (Critical

Dimension), is mainly determined by the available alignment

equipment. The CD determines the minimum source and drain junction

capacitances. These capacitances can be reduced by using a

recessed field oxide, because the sidewall junction area of

sources and drains is reduced in this case. Interconnect

capacitances can be made small by the use of thick dielectric

layers. However, the thickness of these layers is restricted,

mainly for processing reasons. Step coverage may be a problem with

thick dielectric layers. The THT-CMOS process uses a 600 nm thick

field oxide and a 600 nm thick flow glass between polysilicon and

metallization. Transconductances of transistors can be made high

using small channel lengths and a thin gate oxide. The minimum

possible gate oxide thickness is determined by reliability

considerations. Recent publications show a rapid decrease in the

gate oxide thickness used, from 50 nm in 1980 [2.16] to 22.5 nm in

1985 [2.17]. The THT-CMOS process has followed this trend. The

process was originally developed with a gate oxide thickness of 50



nm [2.18], later it was reduced to 25 nm.

The impurity concentration of the bulk of a MOS transistor must

serve many purposes. MOS transistors are often discussed assuming a

homogeneously doped bulk. This is usually not the case, nor is it

desirable. Figure 2.6 gives a schematic diagram of a MOS transistor

with the regions in the bulk to be discriminated assuming a semi-

recessed field oxide.

Fig. 2.6 Bulk regions to be discriminated in process design.

The average impurity concentration in region 1 together with the

gate oxide thickness determine the threshold voltage of the MOS

transistor. The impurity concentration in region 2 influences short

channel effects and the bulk factor. The bulk factor is a measure

for the dependence of the threshold voltage on the bulk-source

bias. In order to diminish short channel effects this

concentration has to be high, whereas to lower the bulk factor it

has to be low. The region below source and drain, shown as region 3

in fig. 2.6, should have a low impurity concentration to minimize

source and drain junction capacitances. The impurity concentration

in region H together with the field oxide thickness determine the

threshold voltage of the parasitic MOS transistor. The gate oxide

of this parasitic MOS transistor is formed by the field oxide and

the gate by any interconnect. Turning on this MOS transistor may

result in unwanted leakage current. Source and drain regions are

adjacent to this region 4. Therefore the impurity concentration in

region 4 should not be too high, because this would result in high

source and drain capacitances. Finally, the impurity concentration

in region 5 determines the sheet resistivity of the bulk. Hence,

this concentration should be high to avoid problems with impact



ionization and latch-up, as has been discussed previously in

sections 2.1 and 2.2.

Many of the mentioned design considerations can be taken into

account. The impurity concentration in regions 1 and 2 can be

easily controlled by ion implantation. The impurity concentration

in region 4 can be dealt with during the processing steps which

form the field oxide. A low bulk sheet resistivity can be obtained

by using a lightly doped epitaxial layer in which to form the

transistors, on top of a heavily doped substrate. Then the

concentration in region 3 of fig. 2.6 equals the epitaxial layer

impurity concentration. In CMOS the leavily doped substrate only

provides a low bulk resistivity for the substrate device. The

impurity concentration at the bottom of the isolation well is very

low when the well is formed by diffusion, in contrast to what is

desired. To circumvent this a buried layer could be used, since an

epitaxial layer should be grown anyway. Another solution is offered

by high energy ion implantation [2.19]. The peak of the impurity

distribution can be located at a reasonable distance from the

silicon surface. When small dimension CMOS is considered, high

energy ion implantation is favoured above using buried layers. Well

formation with high energy ion implantation does not require

subsequent drive in. The lateral extension of the well is therefore

negligible, which results in a high packing density capability.

Implantation through the recessed field oxide results in the

merging of regions 4 and 5 of fig. 2.6. In this way self-alignment

of region 4 is obtained [2.20]. This is fully exploited in the THT-

CMOS process for both NMOS and PMOS transistors. Therefore this

process is a twin-well CMOS process. The isolation well is n-type

because of its advantages over a p-type isolation well in terms of

impact ionization and latch-up.

There is still an optimization problem to be solved. The

conclusions about the impurity concentration in region 3 and 5 of

fig. 2.6 are conflicting. It is not possible to obtain a region 3

with a low impurity concentration next to higher concentrations in

regions 4 and 5. In the THT-CMOS process the impurity

concentrations of regions 4 and 5 of the p-well are chosen to be

just high enough to obtain a field threshold voltage above 10 V.



This is sufficient because of the heavily doped substrate, which

provides the low resistivity bulk for the-NMOS transistor. The

energy of the implantation forming the n-well is taken as high as

possible. This means an implantation energy of 1 MeV, as has been

discussed in section 2.6. The peak concentration in the n-well is

then somewhat below the source and drain junction. This also

results in a wide base for the parasitic pnp vertical transistor

which helps in suppressing latch-up. A rather arbitrary choice has

been made to have an n-well sheet resistivity of 1 kQ/a. This

relatively low value is choser to obtain a low latch-up

susceptibility. Chapter 3 of this thesis discusses in detail the

processing steps involved and provides the impurity distributions.
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3. The process

Many <~f the topics discussed in chapter 2 are reflected in the

developed twin-well CMOS process. This chapter provides the

considerations which have resulted in the processing sequence of

the THT-CMOS process, together with a detailed process description

and the impurity distributions. The process is discussed in more

general terms in the last section of this chapter.

3.1 Process and device simulation

As has been previously stated, process and device Simulation

programs have been a major tool in developing the THT-CMOS

process. An environment has been created in which the 1-D process

simulation programs SUPREM II [3.1] and ICECREM [3.2], the 1-D

device simulation program SEDAN [3.3] and the 2-D MOS device

simulation program MINIMOS [3.4] operate. They interface with each

other, either directly or by interface programs, using the format

of the SUPREM II save/load files as an intermediate. Software has

been developed to generate high resolution graphics for

representation of simulation results.

All simulation programs have been adapted to the DEC system 2060

running under the TOPS 10 operating system. Almost all programs

have been revised. Changes in SUPREM II include the threshold

voltage calculation [3»5] and the data, which determines

implantation profiles. Recent publications [3.6] [3.7] show that

the Gaussian-like impunity distributions are wider than the

original version of the program predicts. The source code of

ICECREM has been changed drastically, because it was very machine

dependent. The new implementation is fully FORTRAN 77 compatible

and handles SUPREM II save/load files. The source code of SEDAN has



been optimized slightly and some deficiencies have been

eliminated. In contrast to the original version, this modified

version can handle npn as well as pnp transistors. MINIMOS

remained unchanged, except for the handling of impurity profiles

calculated by other programs, which was incorrect.

Many process variations have been studied using these simulation

programs. An optimal processing sequence is found which results not

only in adequate electrical characteristics of devices, but also in

convenient processing times and temperature cycles. Due to the

processing sequence developed and the use of high energy ion

implantation, most critical parameters are determined by a single

processing step. This feature of the process is elaborated in

section 3.9. As a consequence, process design has been rather

straightforward and did not require many compromises. The results

of simulations and additional experiments are presented as the THT-

CMOS process, instead of presenting an extensive discussion of all

research done.

3.2 Starting material

A lightly boron doped epitaxial layer on top of a heavily boron

doped substrate is used as a starting material in the THT-CMOS

process. Active devices are made in the epitaxial layer, whereas

the substrate determines the bulk resistivity of NMOS transistors.

Impact ionization and latch-up [3.8] effects are effectively

suppressed by this choice of starting material, as has been

outlined in sections 2.1 and 2.2. Although silicon wafers with an

epitaxial layer are quite expensive, it seems advisable to take

every possible precaution which assures good operation of devices.

The substrate has a resistivity of 20 mficm, which is equivalent to

a boron concentration of about 5 * 1010 cm"13. The epitaxial layer

has a specified thickness of 3 • 5 pm and a resistivity of

5 - 1 0 ficm, which is equivalent to a boron concentration of about

2 * 1 0 " cm"'. The use of such a thin epitaxial layer is possible



because high temperature cycles are used as little as possible.

Almost no diffusion of boron occurs out of the heavily doped

substrate into the lightly doped epitaxial layer during

processing.

3.3 Field isolation with LOCOS

Using LOCOS [3.9] for field oxidation results in a semi-recessed

oxide, hence in reduced stepheights and reduced source and drain

capacitances compared to more conventional techniques. Reduced

stepheights increase the reliability of layers on top. Reduced

source and drain capacitances improve the switching speed

capability of the process. In this section the LOCOS technique and

the first processing steps of the THT-CMOS process are discussed.

To begin with, the wafers are cleaned by fuming nitric acid, to

remove organic contaminants, and by hot 60 % nitric acid for

removal of metallic contaminants. In this thesis this is called a

"standard cleaning step". After that a thin oxide layer, often

called pad oxide or SRO (Stress Relief Oxide), is grown. Next a

silicon nitride layer is deposited. This silicon nitride layer is

employed to block oxidizing species, therefore preventing the

oxidation of the underlying silicon. The thin pad oxide acts as a

mechanical buffer to prevent the formation of stress induced

defects during subsequent high temperature cycles. The stress

originates from a difference in thermal expansion coefficients of

silicon and silicon nitride. Then lithography defines the active

areas and field isolation. The silicon nitride is etched by RIE

on areas not covered by photoresist and only on the front side of

the wafer, as is shown in fig. 3.1(A). After removal of the

photoresist, using the standard cleaning step, field oxide is

formed by wet oxidation in the areas not covered by silicon

nitride.
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Fig. 3.1 A LOCOS structure forming a sandwidh of photoresist,

silicon nitride and pad oxide on the front side of the

wafer and of pad oxide and silicon nitride on the back

before oxidation (A) and after photoresist stripping

and oxidation (B).

During oxidation, the oxidizing species diffuse not only vertically

through the already grown oxide, but also laterally into the pad

oxide underneath the silicon nitride. This results in the well-

known bird's beak shown in fig.3.KB). It is a gradual decrease of

the field oxide thickness at the edge of silicon nitride features.

It also lifts the silicon nitride layer, causing mechanical

stresses.

The lateral extension of the bird's beak is approximately the same

as the thickness of the field oxide. Therefore a problem occurs

when feature sizes are scaled down. The bird's beak can be reduced

slightly by using a thinner pad oxide, since this will reduce the

flux of oxidizing species underneath the silicon nitride. This

measure will also increase the probability of stress induced

defects, therefore it is not a feasible solution. There are
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techniques which do not result in bird's beak formation. In many

of them the pad oxide is also etched using the patterned silicon

nitride as a mask. Then a second silicon nitride layer is

deposited to cover the sidewalls of the remaining pad oxide

[3.10]. This blocks the diffusion of oxidizing species into the

pad oxide underneath silicon nitride features.

During oxidation part of the silicon nitride is oxidized as well.

This top layer is removed by a short unmasked etch in BHF (Buffered

HF). The silicon nitride is removed by hot phosphoric acid. This is

not done by RIE, because this would affect the field oxide

thickness too much, due to the low selectivity of RIE. The silicon

nitride on the back of the wafer is also removed by this wet etch.

After removal of the pad oxide, with a short unmasked etch in BHF,

usually the gate oxide is grown. However, sometimes gate oxide

thinning occurs near the bird's beak, the so-called "white ribbon"

effect [3.11]. It will only occur if the field oxide is grown in a

wet ambient. A possible explanation is illustrated in fig. 3.2.

?H20

SUH20-»Si02+H2 Si

Fig. 3.2 Model to explain the white ribbon effect meehaniem during

LOCOS formation.

The oxidizing species H20 reacts with the masking silicon nitride

to form NH3. Then the NH3 diffuses through the pad oxide and reacts

with silicon at the silicon interface to form silicon nitride

again. After removal of the pad oxide, the silicon nitride may

remain on the silicon. It then inhibits oxide formation in the
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subsequent oxidation step. Figure 3.3 shows a SEM (Scanning

Electron Microscope) picture of a LOCOS structure showing the white

ribbon effect.

Fig. 3.2 A SEM photograph of a cross-section of a LOCOS structure

with a white ribbon effect.

Often the white ribbon effect is not observed. This can be

explained by removal of the interfacial silicon nitride due to

overetching when the pad oxide is removed. This implies that gate

oxide thinning is not a reproducible effect, which has to be dealt

with. A very effective way to do so is an extra oxidizing step in

a wet ambient [3.12] prior to gate oxidation. This step is called

"sacrificial oxidation" because the grown oxide is removed

immediately after this step. Sacrificial oxidation avoids gate

oxide thinning, because the silicon nitride layer at the silicon

interface is oxidized during this step.

In the THT-CMOS process a pad oxide of 25 nm is used, which is

grown at 950 °C in 30 minutes in a dry oxygen ambient. See also

appendix 1 for further details. The deposited silicon nitride film

has a thickness of 50 nm. The AA (Active Area) pattern defines the

field oxide areas. Field oxide is grown at 1050 °C in a wet ambient

for 4.5 hours. The resulting oxide thickness is 700 nm, which
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results in a thickness of 600 ran after processing. After silicon

nitride removal a sacrificial oxidation is carried out at 950 °C

in a wet ambient during 20 minutes. The resulting oxide thickness

in the active areas is about 100 nm. A schematic cross-section of

a structure in this stage of the process is shown in fig. 3.t.

fig. 3.4 A aroes-section after LOCOS field oxide formation.

3.4 Well formation

The way the wells are formed in the THT-CMOS process is the main

difference between this process and other processes. As has been

outlined extensively in section 2.7, high energy ion implantation

is used to obtain rather ideal bulk doping profiles for both NMOS

and PMOS transistors. The implantations are done through the

sacrificial oxide.

The p-well is formed by implantation of 1.5 * 1012 cm"2 boron

ions with an energy of 350 keV. A 3 pm thick AZ 1375 photoresist

layer in which the DP (Deep P) pattern has been defined, is used

as a mask. The peak of the concentration is located just under the

field oxide, in order to obtain a sufficiently high field

threshold voltage and to lower the current gain of a possible

parasitic lateral npn transistor. As has been mentioned earlier,

the heavily doped substrate determines the sheet resistivity of

the bulk of the NMOS transistor. The dose of the p-well implant is
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therefore chosen to be as low as possible to obtain a low bulk

factor and low source and drain capacitances. Both are necessary to

obtain high switching speeds in digital circuits. A shallow boron

implantation is necessary to obtain an adequate threshold voltage.

This implantation is done with an energy of 70 keV and a boron dose

of 1.5 * 1012 cm"2. The impurity distribution of the p-well after

both implantations is shown in fig. 3.5 for the active area and in

fig. 3.6 for the field oxide area. These distributions have been

obtained by simulations with SUPREM II and ICECREM.

N e t C o n c e n t r a t i o n

I I I i i

0.0 0 2 0.4 0 6 0 8 1 0 1 2 1 4 1 6 I S 2 0
Depth in micron

Fig. 3.5 P-well impurity distribution in the active areas after

well implantation.

The n-well is formed by implantation of 101 cm double charged

phosphorus ions with an acceleration voltage of 500 kV. This

results in an effective implantation energy of 1 MeV. A 3 um thick

AZ 1375 photoresist layer in which the DN (Deep N) pattern has

been defined is used as a mask. The peak of the phosphorus

distribution is as deep as possible, to allow a high total well

dose while maintaining a low surface concentration.

A high n-well dose lowers the current gain of the parasitic

vertical pnp transistor drastically, which helps in reducing the

latch-up susceptibility. The dose of the implantation sets the
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Fig. S.6 P-well impurity distribution under field oxide after well

implantation.

sheet resistivity of the n-well at about 1 ka/a, as has been

discussed in section 2.7. With a gate oxide thickness of 25 nm, the

resulting n-well impurity distribution does not provide an adequate

threshold voltage for the PMOS transistor. Therefore an additional

boron implantation is done with an energy of 50 keV. A higher

energy is possible, but this would have a detrimental effect on

subthreshold behaviour of short channel PMOS transistors [3.131.

The dose of this implant determines the threshold voltage of the

PMOS transistor and is chosen to be 6 * 10" cm"2. The impurity

distribution of the n-well after both implants is shown in figs.

3.7 and 3.8, for active area and field oxide area respectively.

The DN pattern defines the n-well and it is cotnpleraentary to the DP

pattern. In this way it is possible to generate the DP pattern

automatically. Hence, it does not need to be designed. An edge

correction is applied in such a way that the DP and DN patterns are

slightly separated from each other. This is done to avoid formation

of a region with a low impurity concentration, due to impurity

compensation caused by lateral spreading of the impurities during

implantation. A schematic cross-section of a structure after well
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Fig. 3.7 N-well active area impurity distribution after well
implantation.

0 0 0.2 0 4 0 6 0-8 1 0 I.2 1.4 1 6 1-8 £.0

Fig. 3.8 N-well impurity distribution under LOCOS field oxide
after well implantation.
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X
Fig. 3.9 Typical avoes-section after well implantations.

implantations is shown in fig. 3.9.

A brief anneal is done for 30 minutes at 800 °C in an nitrogen

ambient, to make the impurities electrically active. It is also

done because the next step is the formation of the gate oxide.

Implantation anneal has the purpose of removing implantation

induced interstitiais, whereas recent insights into the mechanism

of silicon oxidation [3.1*0 suggest the formation of excessive

interstitiais during oxidation. Therefore it can be argued that

implantation anneal in an oxidizing ambient is not advisable,

because it results in lattice defects and hence in higher junction

leakage currents and low carrier mobilities.

3.5 Gate oxidation and gate formation

A new and clean oxide is grown as gate dielectric. Therefore the

sacrificial oxide is removed with BHF prior to gate oxide growth.

Note that also the back of the wafer becomes bare. This is the

result of the silicon nitride layer on the back during LOCOS

formation.

Prior to gate oxidation the furnace tube is cleaned without wafers

by a heat treatment at 1150 °C with a C,, and oxygen mixture. The

wafers enter the furnace tube at 800 °C. The temperature is then
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raised to 950 °C at a rate of 12.5 °C/rain in an 02/C33 ambient.

This ambient effectively removes contaminants from the wafer

surface. Together with the cleaning of the furnace tube this

results in a gate oxide with a low interface state density, a low

defect density and a low mobile ion concentration [3.15]. Gate

oxide is grown for 30 minutes at 950 °C in a dry oxygen ambient,

immediately followed by a 20 minutes anneal in an nitrogen ambient

at 950 °C. This anneal is necessary to obtain a low fixed oxide

charge [3.16], as indicated by fig. 3.10. The wafers are then
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Fig. 3.10 Deal's triangle, indicating the fixed oxide charge as a

function of oxidation conditions for <100> silicon.

cooled down to 800 °C at a rate of 7.5 °C/min in an

ambient. Further details are given in appendix 1.

nitrogen

It would also be possible to grow the gate oxide at 900 °C for

about 60 minutes resulting in the same oxide thickness, with the

advantage of an increased accuracy and negligible diffusion of

impurities. However, this is not done in the THT-CMOS process.

Figure 3.5 shows a low concentration in the p-well at a depth of

about 0.4 ym from the surface. With a sufficiently high' positive

fixed oxide charge, this may result in a leakage path under the

bird's beak along the side of the channel of an NMOS transistor,
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due to a local negative threshold voltage. Therefore some

diffusion of boron is desirable to fill the "valley" of fig. 3.5.

This is achieved by growing the gate oxide at the higher

temperature of 950 °C.

The next step is the spinning and baking of photoresist and the

etching of the oxide on the back of the wafer with BHF. After the

photoresist has been removed with the standard cleaning step, a

500 nm thick LPCVD polysilicon layer is deposited as a gate

material. The polysilicon is doped in situ with phosphorus. The

back of the wafer becomes covered with polysilicon as well. In this

way an artificial phosphorus doped damage region is created on the

back. This structure getters metal contaminants effectively during

one of the last high temperature cycles, which results in low

junction leakage currents.

The high dose used for the boron implantation forming the shallow p

areas can compensate the phosphorus dose in the polysilicon. This

would result in a high polysilicon sheet resistivity. Therefore an

additional phosphorus implantation is mandatory to obtain a higher

phosphorus concentration in the polysilicon layer. This is done

with an energy of 70 keV and a dose of 2 * 1015 cm"'2. The

polysilicon is patterned by RIE using photoresist in which the PS

(PolySilicon) pattern has ^een defined, as a mask. As a result

polysilicon remains on the back of the wafer.

A second polysilicon layer may be applied as an option, known as

option 1 in the THT-CMOS process. This LPS (Lower PS) layer is used

for the lower electrode of high performance capacitors in switched i

capacitor circuits. A 50 nm silicon nitride layer is deposited on

top of the additional polysilicon layer to act as a dielectric.

This silicon nitride layer increases the breakdown voltage of PS-

LPS capacitances drastically [3.17]. Both layers are processed in a

similar manner as the standard polysilicon layer, after the well

implantations and before sacrificial oxide removal. Further details

are given in appendix 1. The optional polysilicon layer is only

allowed in field oxide areas. Therefore the additional processing

does not affect transistor characteristics.
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3.6 Source and drain formation

Source and drain formation is rather conventional. A shallow boron

implantation is performed to form sources and drains of PMOS

transistors and p-well contacts. The implant energy is HO keV and

the dose is 1.5 * 10JS cm"2. The low energy assures that no boron

is implanted under the LOCOS field oxide nor under the

polysilicon. Therefore source and drain are self-aligned to the

gate and the field oxide. Photoresist patterned with the SP

(Shallow P) design is used as a mask. After this high dose

implantation it is difficult to remove photoresist with the

standard cleaning step. Therefore it is ashed with an oxygen plasma

in a barrel reactor. Figure 3.11 shows the impurity distribution

of a shallow p region after implantation.

Sources and drains of NMOS transistors and n-well contacts are

defined by the SN (Shallow N) mask and formed by shallow

implantations of phosphorus and arsenic. Again, photoresist is used

as a mask and ashed in an oxygen plasma after the implantations.

The SN pattern is complementary to the SP pattern and is generated

0 . 0 0 < 2 0-* 0 - 6 0 . 8 1 0 1 . 2 1 . 4 1 . 6 1 . 8 2 . 0

Fig, S.ll Impurity distribution of a shallow p region in an n-well

after boron implantation.
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from the SP design. The phosphorus is implanted with an energy of

70 keV and a dose of 1.5 * 1015 cm"2. The arsenic is implanted

with an energy of 100 keV and a dose of 2 * 1015 era"2. In this

way a DDD structure is obtained for the NMOS transistor. This is

beneficial for suppression of hot electron effects, as is discussed

in section 2.3. The phosphorus implant determines the junction

depth and the arsenic implant the sheet resistivity after

processing, quite independently of each other. This is due to the

low diffusivity of arsenic. The result is a junction depth of about

0.6 \im after processing, the same as for the shallow p region.

Figure 3.12 shows the impurity distribution of a shallow n area

after implantation. A schematic cross-section of an inverter

structure after formation of the shallow regions is given in fig.

3.13.

Net C o n c e n t r a t i o n

0.0 0 2 0.4 0.6 0 8 1 0 1.2 1.4 1 6 (.8 2-0

Fig. 3.12 Impurity distribution of a ehallow n region in a p-well

after phosphorus and arsenie implantation.

The dose of the implantations discussed above and the subsequent

temperature cycles are the result of a trade off between low sheet

resistivities and shallow juctions. This certainly applies to the

shallow p regions, as can be deduced from fig. 3.11. It shows that

immediately after implantation a junction depth of approximately
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Fig. 3.13 Cross-section of an inverter structure after gate

formation and shallow implantatione.

0.6 pm is already obtained. Low sheet resistivities are desirable

for a high switching speed in digital circuits, whereas shallow

source and drain junctions are necessary for suppression of short

channel effects.

The high dose implantations result in a heavily damaged silicon

crystal. In the shallow n regions the silicon even becomes

amorphous. The crystal damage is annealed at 550 °C for 60 minutes

in an-nitrogen ambient. In amorphous shallow n areas the lattice

order is restored by SPE (Solid Phase Epitaxy) [3.18]. It also

makes the phosphorus and arsenic impurities electrically active.

The implanted boron is activated during subsequent high temperature

cycles.

The high dose implantations are performed with relatively low

energies in order to obtain self-alignment. As has been discussed

in section 2.6, the junction depth has to be at least 0.6 urn to

avoid junction spiking by the metallization. Hence, a drive in

step is necessary. This step is combined with the oxidation of the

patterned polysilicon. Electrical fields in the gate oxide are

highest near the sharp edge of a non-oxidized polysilicon gate.

High fields, for instance induced by static charges, can easily

cause dielectric breakdown of the gate oxide, since the gate oxide

thickness is only 25 nm. This oxide thickness corresponds to a

breakdown voltage of 20 - 25 V. Oxidizing the polysilicon gate

removes the sharp edges, as shown in fig. 3.11. The oxidation is
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carried out at 950 °C for 30 minutes in an oxygen ambient followed

by a drive in and anneal step at the same temperature for 20

minutes in an nitrogen ambient.

Fig. 3.14 A polysilicon gate before (A) and after (B) oxidation.

3.7 Flow glass and gettering

In order to smooth steps on the wafer surface a 100 nm thick

undoped silicon oxide layer and a 500 nm thick phosphorus rich

oxide layer are deposited in a CVD reactor. The undoped layer is

necessary to prevent the phosphorus from reaching the silicon

surface during subsequent temperature cycles. The phosphorus-rich

layer has the property to getter alkali ions, which results in a

low mobile charge density in the gate oxide and the field oxide. It

also has the property to flow at high temperatures, therefore

smoothing the wafer surface. However, when the oxide is doped only

with phosphorus the flow temperature is about 1050 °C, which is too

high to maintain shallow junctions. When the oxide is additionally

doped with boron, the flow temperature can be decreased to 700 °C

[3.19]. In the THT-CMOS process a composition is used which flows

at 900 °C. Another advantage of this BPSG (BoroPhosphoSilicate

Glass) is that the etch rate in BHF is similar to that of the

underlying undoped silicon oxide. This in contrast to CVD oxide

only doped with phosphorus, which has a considerably higher etch

rate. A disadvantage of BPSG may be that the high temperature step
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has to be performed immediately after deposition, because BPSG

degenerates at room temperature in a moist ambient.

Flow of the BPSG layer is combined with gettering in one

temperature cycle. After the wafers have been at 900 °C for 60

minutes in an nitrogen ambient, they are cooled down slowly to

600 °C at a rate of 2 °C/min. Slow cooling down is necessary to

obtain super saturation of oxygen and metallic impurities, while

maintaining sufficient mobility of these species. The oxygen

concentration in the substrate is quite high, because the lattice

is formed by the Czochralsky method in a quartz crucible [3.20].

The epitaxial layer hardly contains oxygen. During a slow cool-down

oxygen precipitates will therefore form in the substrate only,

leaving the lattice near active devices defect free. Due to the

high diffusivity of metallic impurities, like copper, iron and

nickel, these species are able to reach oxygen precipitates and

dislocations on the back of the wafer, where they are gettered.

Dislocations on the back of the wafer are the crystal boundaries of

the phosphorus doped polysilicon [3.20]. Phosphorus enhances the

gettering process by formation of metal-phosphorus ion pairs.

Because of this getter step, the concentration of generation

centres, associated with oxygen and metallic impurities, is very

low near active devices. As a result junction leakage currents are

low, which is necessary for good device performance.

Surface states, associated with dangling bonds at the silicon

interface, are generally removed effectively during alloy of the

aluminium metallization in forming gas, which is a mixture of

hydrogen and nitrogen. This is caused by the binding of hydrogen

atoms at dangling bonds. However, forming gas is not available at

the IC laboratory at Twente University. Therefore the surface state

density is lowered by a treatment at 500 °C for 60 minutes in a

moist ambient. This ambient is created by leading nitrogen into the

furnace tube through a bubbler containing de-ionized water.



3.8 Metallization

Aluminium metallization is used as interconnect between devices. It

connects shallow n, shallow p and polysilicon layers. Therefore

contact holes have to be formed in the flow glass for the aluminium

to reach these layers. This is done by RIE, after patterning

photoresist using the CO (Contact window) design. Next the

photoresist is removed by the standard cleaning step.

As has been mentioned earlier, aluminium is deposited on the wafer

by means of an evaporation technique. The thickness of the

resulting layer is 1 urn. Aluminium is melted in a crucible,

evaporated in the high vacuum reactor and sublimated on the

relatively cool wafers. By heating the wafers to 250 - 300 °C the

surface mobility of aluminium atoms is enhanced. This results in

adequate coverage of steps, for instance edges of contact holes.

The aluminium is patterned by the IN (INterconnect) design and

subsequently wet etched in an etch mainly consisting of phosphoric

and acetic acid. Due to the thickness of the interconnect layer

some undercutting occurs. Hence, the width of aluminium features

after etching is about 2 \im smaller than the pattern on the mask.

To circumvent this problem an edge correction is used for the

transfer of the IN design to the IN mask. More recently aluminium

is etched by RIE in the IC laboratory. Then undercutting does not

occur, which takes away the need for an edge correction.

After photoresist removal with fuming nitric acid, the aluminium is ]

alloyed with the underlying silicon in contact holes at 400 °C in a

moist ambient. This is done to lower the contact resistance

between aluminium and the shallow n, shallow p and polysilicon

layers. As has been mentioned before in section 2.6 this is a

critical step due to the equipment used. It can result in shorted

junctions in shallow n and shallow p areas. The moist ambient is

used for a further reduction of the surface state density.

A CVD oxide layer for scratch protection is not always applied,

because quite often only prototype circuits are fabricated with the

measurements being made on a whole wafer. If scratch protection is
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required, for instance when the circuits have to be packaged, the

CB (Contact windows for Bondpads) pattern defines the windows in

the scratch protection to the aluminium bondpads.

The final impurity distributions as obtained with SUPREM II and

ICECREM are given in figs. 3.15 to 3.20. In these figures the

silicon depth range is 4 pm. Therefore they also show the

updiffusion of the boron out of the substrate. Figure 3.21

schematically shows a typical cross-section without scratch

protection after processing.

0-0 0 5 1.0 1-5 2 0 2.5 3 0 3 5 4.0

Fig. 3.15 Final impurity distribution under the gate of an NMOS

transistor.
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Fig. 3.16 Impurity distribution of a shallow n area in a p-well
after processing.

0.0 0-5 1-0 1-5 2 0 2.5 3 0 3 5 4.0
D e p t h in m i c r o n

Fig. 3.27 Final impurity distribution under LOCOS field oxide in a
p-well region.
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Fig. S.I 8 Impurity distribution under the gate of a PMOS
transistor after processing.
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Fig. 3.19 Final impurity distribution of a shallow p area in an
n-well.
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Fig. 3.20 Final impurity distribution under field oxide in an
n-well.
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3.9 Global classification

The main topic of the THT-CMOS process is the elimination of

extended processing at elevated temperatures. This is due to the

use of high energy ion implantation. The n-type isolation well is

formed by phosphorus implantation with an energy of 1 MeV, which

results in a retrograde impurity profile. Because impurities are

applied after field oxide growth, a twin-well structure has been

chosen to avoid critical alignment steps. Advantages of this

approach include:

- Minimum lateral extension of the isolation well,

- Low latch-up susceptibility,

- Reduction of total processing time,

- Simplified processing sequence,

- Reproducible electrical characteristics,

- High accuracy of process simulations,

- Small short channel effect,

- Small narrow channel effect.

Some disadvantages compared to conventional processing are:

- High source and drain capacitances,

- High bulk factor.

The use of high energy ion implantation and hardly any subsequent

diffusion results not only in retrograde impurity profiles, but

also in a very small lateral extension of the isolation well beyond

the mask edge [3.21]. This is because the lateral spreading of

impurities during implantation is much smaller than lateral

diffusion during high temperature cycles. This property is

important, since the lateral extension of the isolation well is one

of the main reasons for the limited packing density capability of

present CMOS processes.

Latch-up has been discussed extensively in section 2.2. A low

latch-up susceptibility can be expected in the THT-CMOS process,

because of a high total n-well dose, which results in a low n-well

sheet resistivity and in a low current gain of the vertical pnp
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transistor. Furthermore, the use of a heavily doped substrate

assures an extremely low sheet resistivity in the p-well. Latch-up

measurements will be presented in section k.H.

Total processing time is decreased because of the elimination of

time consuming processing at high temperatures. In a production

environment this means cost reduction, because of the shorter

processing time per batch. It also economizes on the number of

furnace tubes required.

Simplified processing applies mainly to those processing steps

which provide the doping concentration under the field oxide. In

the THT-CMOS process this concentration is obtained simultaneously

with the well implants after LOCOS field oxide growth [3.22],

without additional processing. In conventional processes many

processing steps are often involved to obtain a high concentration

under the field oxide and a low concentration in active areas.

Reproducible electrical characteristics are obtained, because ion

implantation determines the impurity concentrations. Due to the

twin-well structure this applies to both NMOS and PMOS transistors.

Furthermore, most electrical parameters are determined by a single

processing step for each parameter. For instance the threshold

voltages and the field threshold voltages can be controlled

completely independent of each other. This results in very simple

process control.

Results of simulations are in good agreement with results of

measurements. This is because most properties of the final

structure are determined by ion implantation steps. Ion

implantation can be modelled quite accurately by a few parameters,

which is in sharp contrast to oxidation and diffusion. For instance

OED (Oxidation Enhanced Diffusion), segregation and diffusion of

phosphorus are still not well understood phenomena. Consequently,

they can not be modelled accurately.

In the THT-CMOS process the impurity concentration under the gate

of a MOS transistor increases with the distance to the surface.

This means that the lateral extension of the drain depletion layer

under the gate remains low. As a result there is a small short
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channel effect. The impurity distribution is similar to those of

processes which use an additional high energy ion implantation for

suppression of short channel effects [3.23].

Due to the self-aligned high impurity concentration under the field

oxide, there is hardly an increased concentration of impurities at

the edges of active areas. In conventional processing there is

significant lateral diffusion of impurities into the active area

during field oxide growth. As a consequence the threshold voltage

and bulk factor of MOS transistors increase with decreasing channel

width. This effect is called the narrow channel effect. It is

small in the THT-CMOS process, as will be shown in section 4.3.

Source and drain junction capacitances are somewhat higher in the

THT-CMOS process compared with other processes, due to the

relatively high impurity concentration in the well at the source

and drain junctions. However, VLSI demands a reduction in device

dimensions, whereas interconnect lengths are increased. Therefore

transistor current drive capability becomes increasingly important,

whereas source and drain capacitances become less significant. Due

to the retrograde impurity profiles in both wells in the THT-CMOS

process, the surface impurity concentration is rather low. This

results in a high carrier mobility in the inversion layer of MOS

transistors, hence in a good current drive capability.

The relatively high impurity concentration at the depletion layer

boundary under the gate causes a bulk effect of NMOS and PMOS

transistor to be somewhat higher than that of other processes.

However, this effect is not large enough to be a limitation to the

applicability of the process.

Lateral extension of the isolation well and latch-up susceptibility

are important phenomena in present bulk CMOS structures. They

demand a large minimum inter-device spacing, which limits the

packing density. Short channel and narrow channel effects result in

small dimension MOS transistors, that have device characteristics

significantly different from those of larger devices. The work

described in this thesis indicates that the use of high energy ion

implantation may reduce the relative importance of these problems.

As has been pointed out, the disadvantages from a device point of
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view of using high energy ion implantation are not severe.
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4. Characterization of the process

After the detailed process description given in the previous

chapter the resulting device and layer characteristics are

presented. The characterization techniques discussed are aimed at

using the process for circuit realization. Therefore attention is

mainly paid to electrical characteristics of layers and devices and

less to the characterization of physical properties.

A so-called drop-in has been designed, containing a number of test

structures. It is used for the electrical characterization of

devices and layers. Software has been developed to make many of

the necessary measurements with a parametric test system. During

processing and measuring notes can be made for each wafer on so-

called wafer sheets. An example of a wafer sheet that has been

filled in is given as appendix 2. All measurements listed can be

done on the drop-in.

4.1 Layer characteristics

Sheet resistivity measurements are very useful for electrical

characterization of layers. Sheet resistivity is a measure for the

impurity dose of a layer. It can be measured accurately by four

point measurements on symmetrical Van der Pauw and Greek cross

structures shown in fig. 4.1. Measurements on and the results of

both structures are identical [4.1]. The advantage of the Greek

cross configuration is that it can be made smaller than the Van der

Pauw structure, because in the latter the size of the contacts has

to be negligible small. By passing a current Iab through the

structure and measuring V^Q, the sheet resistivity R3 follows

from [4.2]:
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Fig. 4.1 Van der Fauw (A) and Greek avoee (B) structures for

determination of sheet resistivity.

V
do

ab

(4.1)

To check the validity of the sheet resistivity obtained quality

factors Fa, Fo and F^ can be defined, respectively for

asymmetry of the structure, offset in the measuring system and

linearity with applied bias [4.1]. Fa and Fo are obtained by

applying not only a current Iab but also currents Iba, Ia<j

and Ida while measuring VdC. Vcd, Vbc and Vcb

respectively. F^ is obtained by applying for instance a twice as

high current through the structure and comparing the obtained

sheet resistivity with the one valid at a lower current level. F^

is of importance for high ohmic layers, because depletion layers

may influence the measured resistivity value considerably.

ideal case is when ra» and are zero.
greater than about 0.1, (4.1) is no longer valid [4.1],

large asymmetry.

The

If Fa is

due to a

The bridge structure shown in fig. 4.2 can be used to measure the

linewidth of a strip in a certain layer. By passing a current Iat
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w

Fig. 4.2 Bridge structure for electrical determination of the

strip width V.

through the structure and measuring Vc(j, the resistance R of the

strip is obtained from:

R - J^L (4.2)
ab

The actual width W of the strip is obtained assuming that the

length L is not affected by the transfer of the strip pattern from

the mask onto the wafer and that the sheet resistivity Rs of the

layer is known:

(1.3)

The bridge structure of fig. 4.2 is often combined with a Greek

cross structure [4.3], This is also done on the drop-in developed

for the THT-CMOS process. The measuring program RSMEAS has been

developed for measuring sheet resistivities on an automatic prober.

As a result wafer mapping and statistical analysis are possible. A

sample output of RSMEAS is given as fig. 4.3.

The measured sheet resistivities of the layers of the THT-CMOS are

given in table 4.1 together with the ones calculated by SUPREM II.

The sheet resistivities of both polysilicon layers depend on

whether a high dose of boron or a high dose of phosphorus and

arsenic are implanted in the layer. Therefore several values of the

polysilicon sheet resistivity are listed. The value of the n-well
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Name
Wa t e r - i a
Date
N

: Greet
I Cmos

9

Cross
Drop Ln4

Name

Max.
M m .
Mean
Sigma

Rs iOhm'

2 6 . 6
2 3 . 9
2S .3

.5

Fa | Fo

.009 ! . 302
- . 0 0 1 ; . 0 B !

.004 i .094
0.000 : .006

Fl

.003
- . 0 0 1
0.000
0 .000

i t r u c t u r e : Sf-'

Name

DN
SN
SP
PS
PS/SP

Rs i

i 127
26
68
24
90

Ohm) j

.6
- J

• 0

. !
i

Fa |

- . 0 0 3 ,
.005 :
.008
.028 i

- . 0 0 9 j

Fo

.006

.067

. 0 ! 8

. : 17

.016

0

-
-0

Fl

.000

. 0 0 !

. 0 0 !

.003

.000

Fig.

Ui-we = 1.81 un .
.3 Sample output of the program RSMEAS.

DN
SN

SP

PS

LPS

Layer

outside AA

in SN
in SP

in SN
in SP
in PS

Sheet

measured

25
69

23
79

33
78

220

resistivity
(a/a)

simulated

1123
29
84

Table 4.1 Sheet resistivities of the layers of the THT-CMOS
process.
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J
sheet resistivity could not be obtained, due to a design error

the drop-in.

in

The junction depth is commonly measured with chemical staining of a

beveled or ball-grooved sample in fluoric acid with a small amount

of nitric acid. When the sample is put under strong illumination

the p-type silicon stains darker than the n-type. In the case of a

ball-grooved sample a circular groove is obtained with a ring

inside. If a and b are the dimensions measured as shown in fig. 4.4

and R is the radius of the ball, the junction depth x follows

from:

(4.4)

fig. 4.4 A schematic drawing of a ball-grooved and stained sample.

Measured junction depths are given in table 4.2, together with the
ones calculated by SUPREM I I . Due to the inaccuracy of the bevel
and stain method, i t is not a good tool to verify simulated
junction depths.

There appears to be no reason to assume permanent excessive crystal
damage caused by the high energy ion implantations, which would
result in leaky junctions. This can be concluded from fig. 4.5. I t
shows logddJ-Vd characteristics of shallow n to p-well and
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layer

DN
SN
SP

junction depth

(ym)

measured

1.75

0.46

0.53

simulated

1.69

0.60

0.66

Table 4.2 Junction depths of the layers of the THT-CMOS process.

shallow p to n-well diodes in forward bias. In case of crystal

damage a high generation rate of carriers in and near the depletion

layers is expected. This would result in a lower slope in the plot

of fig. 4.5 for low bias. Obviously this is not the case.

1E-04 r

Fig. 4.5 Log(IJ-V, characteristics of shallow p to n-well (A) and

and shallow n to p-well (B) diodes, both for forward bias

and both having an area of 8.19 * 10 cm .
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Figure 1.5 also demonstrates that there is no significant

concentration of metallic impurities near the depletion layers,

since this would cause a high generation rate of carriers as well.

In one experiment a wafer without polysilicon on the back showed a

high leakage current for the shallow n to p-well diode. This

confirms that the polysilicon on the back of the wafer is very

effective in gettering metallic impurities, as has been discussed

in section 3.7.

1.2 MOS transistor characterization

Figures 1.6 and 1.7 show I(js~vds characteristics of NMOS and

PMOS transistors repectively. Both transistors have a width to

length ratio of 20 Mm/3-5 )jm. It is evident that impact ionization

is an important effect for the NMOS transistor, whereas there is no

such effect noticable for the PMOS transistor. This stresses the

importance given to impact ionization in section 2.1, which

resulted in the choice of an n-type isolation well.

A program for elementary parameter extraction has been developed.

This program MOSTMEAS is small enough to run on the parametric test

system. Hence, extraction is carried out during measurements.

Extraction of prime MOS transistor parameters is performed by

measuring in the linear region and using an iterative algorithm.

In the remainder of this section the equations given are for NMOS

transistors. When the source voltage is used as the reference then

the drain current I<jS for small V^g, strong inversion region

and large geometries is:

(V - V - V 12) * V

Jds " \ * B E T A * 1B! THETA* V̂ -V ) d S ("'5)

gs t

Where W and L are the width and length of the MOS transistor, Vt,

BETA and THETA .the parameters to be extracted and Vgs and
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20

Fig. 4.6 I, -Vj characteristic of an HMOS transistor fabricated

using the THT-CMOS process with a width to length ratio

of 20 vm/3.5 urn and zero bulk bias. The gate voltage is

stepped from 0 - 10 V in steps of 1 V.

-20

Fig. 4.7 PMOJS transistor I-, -V, characteristic for zero bulk

bias. The transistor has a width to length ratio of

20 vm/3.5 'Am and the gate voltage is stepped from 0 V to

-10 V in etepe of 1 V.



J
terminal voltages. Initially a bulk voltage V^s of 0 V is

assumed. The resulting threshold voltage is denoted as

actual Ids~Vgs curve, shown in fig.The
(4.5) for all Vgs.

inversion region,

for

Vgs

increasing

to a high
'gs-

'gs

4.8, does not obey

The equation is only valid in the strong

which is when the slope of the curve decreases

Therefore the curve is scanned from a low

to find point (a) in fig. 4.8 where the

slope has a maximum value. Only for VgS higher than this point

(a), is (4.5) valid. Next, drain currents are measured at two gate

voltages, shown as (b) and (c) in i"ig. 4.8.

Id

Fig. 4.8 Schematic diagram of an 2 , -V curve of an HMOS

transistor for small drain bias.

An initial approximation for Vt is obtained using the slope found

at point (a) in fig. 4.8 and linear extrapolation to zero drain

current. This voltage V^' is often defined as the threshold

voltage and BETA follows from the slope. However, THETA - 0 is

assumed in that case. In the MOSTMEAS program THETA is set to 0.1

initially. The iteration starts with the calculation of BETA from

(4.5) and point (b) in fig. 4.8. Next THETA is adjusted using point

(c) and finally Vt is adjusted using point (a). The
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iterations are terminated when the change of the parameters

between successive loops is within a specified value. The

parameters can be visualized in fig. 4.8. V^ is the Vgs value

where the curve which represents (4.5) intercepts with the

Ids - 0 axis and BETA follows from the slope of the curve at the

intercept. THETA is a measure for the curvature. Depending on the

value of THETA, Vt and Vti may differ up to 0.1 V. This

stresses the importance of specifying the definition of threshold

voltage.

With a bulk bias Vt,s a similar shaped curve as in fig. 4.8 is

obtained. This results in a threshold voltage Vfj. The relation

between V^Q a n d Vt1 for a homogeneously doped bulk is:

V - V + GAMMA * (• V + PHI - • PHI ) (4.6)
ti to bs

If GAMMA and PHI are regarded as independent parameters it has been

found experimentally, that no physical meaningful values for PHI

are obtained. The reason is believed to be that (4.6) is valid for

a homogeneously doped bulk. Actually all presented equations that

describe the MOS transistor as an electrical device assume a

homogeneously doped bulk. Although deviations are found, as in this

case, most of the equations can be used. To obtain physical

meaningful values, GAMMA and PHI are coupled by the parameter

Nsut), according to:

1
GAMMA - * / 2 * e * q * N (4.7)

C sub

sub
PHI - 2 * kT/q * In ( ) (4.8)

n

Where Cox is the gate oxide capacitance per unit area, e the

permittivity of silicon, q the elementary charge, NSUb the bulk

impurity concentration, kT/q the thermal voltage and n^ the

intrinsic concentration. An iterative procedure is followed to

obtain GAMMA and Nsut, after determination of V^Q a n d vt1*
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Initially PHI « 0.72 V is assumed. Next the iteration loop is
started by calculating GAMMA from (1.6). Then PHI is adjusted
using C-:.7) and (4.8). This is repeated until the change in GAMMA
between successive loops is within a specified value.

The program MOSTMEAS runs on a HP 9836 computer, which also
controls the measuring equipment and optionally an automatic
prober. This makes wafer mapping and statistical analysis possible.
Figure 1.9 gives an exampLe result of MOSTMEAS.

'lam*
water
date
Tent
4/1
Do> (

_ 1 C .

'. (. .'

n«:

' IMO'-. •
DROC'IU
1 -"I - ' ^ „

21
' . . 10

2 E . O C

L
'Ji.

•/tOi'V) I BETA /v>|GAMMA !/,:•> ic.m-31

.5CH! 84,S •IE. 6 3.!7E*!6

4.S Sample output of the pvogvwn MOSTMEAS.

PROMEA: a flexible parameter extractor

If complicated equations are to be handled, methods like the one
presented in the previous section cannot be used. A common
approach is to obtain prime MOS transistor parameters in a similar
way as in the program MOSTMEAS. Next they are assumed to be
constant and more refined equations are used to extract parameters
which describe second order effects. However, this sequential
approach neglects possible parameter interaction and is usually
not capable of handling many parameters. Furthermore, it is often
implemented using a specific model and considerable effort is
required to change extraction procedures when changing the model.
Much more flexible approaches are based on i:on-linear least squares
optimization techniques. Examples of these approaches are the
programs SUXES [1.1] and SIMPAR [1.5].
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A novel flexible tool for IC device model parameter extraction has

been developed. The extraction technique is independent of the

model being used, which makes the tool useful for device

characterization as well as for the eva]'-V,ion of new device

models. The Levenberg-Marquardt [1.6] method has been chosen to

handle this kind of non-linear least squares problem, because of

its computational speed, reliability and accuracy. The method has

been modified as proposed by Fletcher [4.7] and constraints on the

parameter values are possible in order to assure physical

significant results. It is implemented in FORTRAN 77 as the

program FROMEA [4.8].
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Fig* 4.10 PROMEA output resulting from parameter extraction using

measurements of experimental M0S transistors fabricated,

using the THT-CMOS process and having a width to length

ratio of 20 vm/3.5 urn.

PROMEA has been used to extract SPICE level 3 MOS model parameters

[4.9]. The graphical output of extractions using measurements of

experimental devices fabricated using the THT-CMOS process are

given as figs. 4.10 and 4.11 for NMOS and PMOS transistors
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respectively. The measured devices received threshold voltage

tailoring implants with doses different from the standard process.

The shallow p-well implantation was with a dose of 1.1 * 1012

cm"2 and the shallow n-well implantation was with a dose of

3 * 1 0 " cm"2. This explains for instance a shift in threshold

voltage of both NMOS and PMOS transistors towards a more negative

value than the nominal expected 0.7 V and -0.7 V respectively. Weak

inversion was not taken into account in the extraction. Each set of

parameters is obtained by a total of approximately 120 measurements

on 3 devices with width to length ratios of 20 pm/18.5 urn,

20 ym/3.5 pm and 5 ym/18.5 ym. The listed values of PHI, RSH, TOX,

NFS, and TPG have been taken constant. The parameter WD is added

as the difference between the actual channel width and the one on

the mask.
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The value of DELTA, which is a measure for the narrow channel

effect is remarkable, because in normal processes DELTA equals 1

[4.9]. As has been discussed in section 3.9 a small narrow channel

effect is expected for MOS transistors fabricated using the THT-

CMOS process, and hence a low value of DELTA for both NMOS and PMOS

transistors. Figures 4.8 and 4.9 show that this is the case.

Other MOS models have also been used for extraction, including the

SPICE level 2 model [4.9], the models proposed by Klaassen [4.10]

and Wright [4.11] and the MOSAID model [4.12]. Residual RMS errors

between fitted and measured drain currents are in the range of 2-5

%. Especially modelling of weak inversion characteristics is weak

for all the models investigated. The Klaassen model did not

comprise a weak inversion model. Furthermore, extractions with the

various models do not result in identical values of parameters

which the models have in common. This is because the models do not

exactly describe MOS transistor characteristics. It is not due to

possible inaccuracies of PROMEA. This has been verified by

generating artificial measurements which exactly fitted a model

before the drain current was modulated with a random distribution

with a standard deviation of 3?. It has been possible to extract

exactly the parameters used to generate these artificial

measurements.

It has also been found that it is important in what operating

region of the MOS transistor the data points used for the

extraction are. For instance, using many measurements in saturation

results in an excellent fit for this region, but in a poor fit for

the linear region. This is demonstrated by the value of KP in fig.

4.10, which should be identical to the value of BETA in fig. 4.9.

This is, however, not the case. The latter is extracted by the

program MOSTMEAS from measurements of a MOS transistor with a low

drain bias and operating in the linear region.

The flexibility of the PROMEA program is demonstrated by table 4.3.

It presents junction capacitance SPICE model parameters for the

THT-CMOS process. In SPICE a junction capacitance C for reverse

bias V is modeled by:
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c - c. *
J

— + c *
M. jsw M

(1.20)

(1 + V/PB) (1 + V/PB)
jsw

Where A and P are the area and the perimeter of the junction

capacitor. For parameter extraction at least two capacitors with

different areas and perimeters are needed. For the results given in

table 1.3 a total of about 20 measurements on 2 junction capacitors

have been used for each extraction. The capacitance of the DN to

substrate capacitor is dominated by the sidewall capacitance.

Therefore it was not possible to determine Cj and Mj.

c
j

M
j
C
jsw

M
jsw

PB
Res.

SN/DP

38.2

0.67

8.2

0.05

0.68
2.7

SP/DN

75.2

0.36

7.6

0.13

0.82

0.5

DN/
substr

-

-

165

0.16

0.59
1.2

nF/cm2

pF/cm

V

Table 4.3 SPICE junction aapaoitanae model parameters for
THT-CMOS process, as calculated by PR0MEA.

the

4.4 Latch-up

Latch-up is the firing of the parasitic thyristor inherently

present in bulk CMOS, as has been outlined in section 2.2. It

results in a current path between the supply rails, therefore in an
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increased supply current and usually in malfunctioning of a
circui t . Latch-up is one of the major limitations in obtaining a
high packing density in present CMOS processes, because the latch-
up susceptibility increases with decreasing device spacing. Due to
the fundamentally three dimensional nature of latch-up, layout of
the thyristor structure is of utmost importance. This makes i t
very difficult to compare results of different reseachers and to
quantify latch-up hardness.

Latch-up can be studied by modelling the parasitic thyristor
structure by two bipolar transistors and three resis tors . This
model is given in fig. 1.12 and the corresponding structure in fig.
1.13 in the case of an n-type isolation well. The current gain of
the vertical pnp transistor depends on layout when the isolation
well is formed by extended diffusion. In the THT-CMOS process this
is not the case. The current gain of the lateral transistor is
very dependent on layout. The resistor Rn is associated with the
n-well contact and i t s value depends on layout and the n-well
res is t iv i ty . Rp i s associated with the substrate contact and i t s
value depends on layout and the substrate res is t iv i ty . Rw is the

Fig. 4.12 Model for the parasitic thyristov in CMOS.
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Fig. 4.13 Structure of the parasitic thyrietor in CMOS

corresponding to fig. 4.12 in the case of an n-type

isolation well.

resistance between the intrinsic collector of the lateral npn and

the intrinsic base or the vertical pnp.

In general, latch-up is initiated by a bulk or isolation well

current. Assume a bulk current which is injected into the structure

at the base of the npn transistor in fig. 4.12. Part of this

current is drained to the substrate contact through the shunt

resistor Rp. Let an npn transistor be modeled by:

I - 0
c

1 - 6 *
c n

V < U
be n

Vu > U , V > U
be n ce s

(4.10)

(1.11)

Where 0n is the current gain, Un the "turn on" voltage of the

bipolar transistor, about 0.6 V, and Us the collector-emitter

voltage of the transistor in saturation. Hence, the npn transistor

is turned on when the injected current is high enough to cause a

voltage drop Un over Rp and the pnp transistor is turned on

when the npn collector current is high enough to cause a voltage

the collector current of the pnp

to the injf.cted current, latch dp is

drop Up over Rn. When

transistor becomes equal
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initiated.

Using this analysis the trigger current l^n needed at the base of

the npn transistor for initiating latch-up can be expressed as:

f

(6
n

i
n
*

* 6

6 )
P

P
- 1

* f un
J

R
P

6

U
P
*

n
R

n
'*,- (. "e»

P-. '' r ' i-h-'

A similar expression can be derived for the trigger current Î p

needed at the base of the pnp transistor by interchanging the n and

p indices. The lowest supply voltage V+ at which latch-up can

still occur is called the holding voltage Vn and can be

approximated by:

V - U + U * (1 + -^ ) (4.13)
h s n R

n

This holding voltage is sometimes wrongly used as a measure for

latch-up hardness [1.13]. It is stated that when a holding voltage

beyond the nominal supply voltage is found, no latch-up in normal

operating circuits can occur. This discussion shows that in this

case the ratio of Rw to Rn is high. This can be caused by a

unrepresentatively small value of Rn, in which case the structure

is not adequate for latch-up characterization. It can also be due

to high value of Rw. This implies a high isolation well sheet

resistivity, which is not beneficial for latch-up suppression. Of

course a high holding voltage is also found when Rp in fig. 4.12

is much smaller than the resistance between the intrinsic

collector of ohe pnp transistor and the intrinsic base of the npn

transistor.

A test structure has been designed for measuring latch-up.

Schematic cross-section, layout and electrical diagram are given in

fig. 4.14. The structure offers the possibility of measuring latch-

up trigger current as a function of critical spacings between

junctions, denoted by X and Y in fig. 4.14. It is also possible to

determine the? effect of a substrate contact on the back of the

wafer. The test structure consists of a pnpn structure with a dual
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J
anode. One of the anodes, B1 in fig. 4.14, is used as current

injector to initiate latch-up. Current is injected very near to the

critical latch-up current path BC, which constitutes a rather

worst-case situation for inducing latch-up.

A •

| n j 1 j

F

C

P

1
P

o

^ p J

Fig. 4.14 Layout, schematic cvose-seation and electrical diagram

of the test structure for latch-up measuvemente.

Measurements were carried out using the structure of fig. 4.14 with

A and B as the anode, B' as the gate and C and D as the cathode.

The measurements were performed with the metallized contact on the

back of the wafer floating and connected to the cathode and with

various epitaxial layer thicknesses. Anode and cathode were

connected to a transistor curve tracer, whereas the gate current

was provided by a current source.

The measured trigger currents are given in table 4.4. These trigger

currents depend on the initial voltage Vac over the thyristor

structure, due to the Early effect of the bipolar transistors. The

values listed in table 4.4 are measured with an initial anode-
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cathode voltage Vac of 10 V. The given values of the current

gains are measured with a collector-emitter voltage of 10 V and a

collector current of approximately 1 mA. This collector current

has been chosen because the measured holding currents have the

same order of magnitude. Maximum current gains are obtained at much

X

Y

Bn
6
P

(8 pm

tu

(4 um (

tu

to

(8 um c

tu
lu

(4 um e

i-i

c

'to

5

5

2

14

spi, back

1.07

0.08

;pi, back

15.4

1.8

>pi, back

48.7

3.9

pi, back

> 60

-

5

2.5

4

14

contact

0.97

0.07

contact 1

13.6

1.5

contact t

33.5

7.1

contact t

> 60

-

2.5

5

2

14

floating)

1.02

0.11

"loating)

14.3

1.5

-o cathodt

8.3

1.4

o cathode

> 60

-

2.5

2.5

4

14

0.89

0.06

13-2

1.3

>)

4.1

0.2

)

> 60

-

um

um

mA

mA

mA

mA

mA

mA

mA

-

Table 4.4 Mean trigger currents I and etandard deviation I. from
tu to

measurements on the structure of fig. 4.14 with various
cathode configurations.
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lower current levels and are Bp - 22 and Bn " 7 respectively

for the vertical pnp transistor and the lateral npn transitor with

a 2.5 um base width. Because the current gain of the lateral npn

transistor is determined by alignment, the spread in Bn is quite

large.

The maximum gate current used in the measurements was 60 mA. At

higher current levels the structure was damaged. The trigger

currents needed to initiate latch-up are not decreased by

disconnecting D when the back of the wafer is connected to the

cathode. This implies that a substrate contact on the back of the

wafer is much more effective in suppressing latch-up than a front

side substrate contact. This is due to a current gain of the

vertical pnp transistor which is independent of the dimensions

used. Hence, the emitter-collector current of this transistor is a

purely vertical one.

The results show that a 4 )IID thick epitaxial layer is better than a

8 um thick epitaxial layer to suppress latch-up. Furthermore a

contact on the back of the wafer is much more effective than

increased critical spacings to obtain a low latch-up

susceptibility in the THT-CMOS process.

).5 Switching speed

It is difficult to quantify switching speed. Switching speed of an

inverter depends on layout and the particular circuit

configuration. Junction and wire capacitances and gates of other

MOS transistors at the inverter output strongly influence switching

behaviour. Also the current drive, determined by the width to

length ratios of individual transistors, is of importance.

A 25-stage ring oscillator is incorporated on the drop-in to obtain

an impression of switching speed. An odd number of inverters

connected in a chain results in an oscillator. The output of one of
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the inverters is connected to an amplifier, which drives a bondpad
as shown in fig. 4.15. The power consumption of the ring oscillator
divided by 25 is assumed to be the power consumption of a single
inverter. Furthermore it is assumed that the propagation delay T of
a single inverter is given by:

T
~5o"

Where T is the period of the signal at the output of the amplifier.
In fact this definition gives the mean of the propagation delay of
a transition from VQ to V+ and a transition from V+ to VQ.

out

Fig. 4.IS Circuit diagram of the ring oscillator on the drop-in
for the THT-CMOS process.

There are 50 of such transitions in the ring oscillator during one
period of the oscillator signal. A figure of merit for the process
is the power delay product ip^, defined here as:

pd
sup
25

(4.15)

Where ISUp is the supply current of the ring oscillator. Standard
design rules have been used in designing the ring oscilator. The
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transistors in the oscillator have gate lengths of 5 ym, gate

widths of 10 ura and drain areas of 10 * 12.5 um2. Results of

measurements and SPICE simulations are given in table 4.5. The

simulations show that the full voltage swing, equal to the supply

voltage, is obtained in the ring oscillator. This is necessary to

obtain realistic values of propagation delays. However, simulated

propagation delays and supply current do not agree with

measurements. Unfortunately, the reason is not clear.

V
+

2

3
4

5
6
7
8

9

V

I
sup

83

290

770

1100

UA

simulated

T

2.2

1.0

0.6

0.5

ns

T
pd

22

58

129

178

tJ

I
sup

56
196
390

663
970
1380

1900

2220

UA

neasured

T

7.9
3.6
2.4
1.8

1.5
1.3
1.2

1.1

ns

T
pd

36
85
150
240
350
500

730
880

fJ

Table 4.5 Measured and simulated ehavaotevistias of a 25-stage

ring oscillator.
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5. Circuit design in the THT-CMOS process

The ultimate goal for developing a process is to have a means for

realizing electronic circuits. Therefore design rules have to be

formulated how to lay out those circuits. Design rules are related

to processing and alignment order.

5.1 Layout rules based on a unit measure

Often layout "rules are specified with an accuracy of 0.1 urn. In

this case, optimal use is made of the possibilities of a process.

However, a lot of effort has to be put in not only learning the

design rules but also in defining them. Another disadvantage is

that the design rules are not applicable for other processes or

another alignment accuracy. In a university environment 3tudents

are granted only a short time to learn layout rules. Therefore a

unit measure A [5.1] is used for designing in the THT-CMOS

process, in order to obtain fairly simple design rules. The basic

idea for using a unit measure is that dimensions scale with

equipment sophistication, leaving the ratio between dimensions

fairly constant. Another reason might be that a relatively coarse

grid for layouts can be used. This enhances the performance of CAD

(Computer Aided Design) tools.

The choice of the unit measure A is mainly determined by the

alignment equipment used. The design rules are based on so-called

meta rules [5.2]:

- All dimensions and spacings must be at least 2A,

- Permitted misalignment is A.

In appendix 3 these meta rules are applied to the THT-CMOS process.
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Appendix 3 is identical to chapter 3 of the THT-CMOS design manual.

The result is a set of design rules which takes into account things

like overetching, underexposure or overexposure of photoresist and

sufficient electrical isolation.

5.2 Some comments on the design rules

The alignment sequence of the process is not necessarily the same

as the layer processing sequence. Since some processing steps do

not leave any marks on the wafer, most of the masks are aligned to

the AA pattern, defined by the first mask. The alignment sequence

of the THT-CMOS process is given in table 5.1. The abbreviations

used are explained in chapter 3.

fabrication

sequence

AA
DP
DN
LPS
PS
SP
SN
CO
IN
CB

aligned

to

—

AA
AA
AA
AA
AA
AA
AA
CO
IN

Table 5.1 Fabrication and alignment sequence in the THT-CMOS

process.

The alignment mark used is the result of experimenting with the

structures shown in fig. 5.1. Cross hatched features are on the

mask. Lines represent edges already on the wafer formed by previous



alignment and exposure. During alignment the corners of structures

on the wafer are faint due to photoresist thickness variations in

these corners. Therefore alignment using the mark of fig. 5.1(A) is

difficult. It has been found from experience that the structure of

fig. 5.1(C) gives the best perception of correct alignment.

Fig. 5.1 Several alignment marks ueed during development of the

THT-CMOS process.

Critical spacing of features in layers which are not aligned to

each other is 2X, as a result of the second meta rule of section

5.1. An example is the allowed spacing between contact windows (CO)

and polysilicon edges (PS) inside active areas (AA), shown as

design rule 0 in fig. 5.2, which is taken from appendix 3. Outside

active areas this spacing is less critical and may therefore be A.

Appendix 3 provides further details.

In conventional processes the latch-up effect and the lateral

extension of the isolation well makes it difficult to allow a small

distance between isolation wells and substrate devices. As has been

outlined in sections 2.7 and 3.9, the THT-CMOS process has a

negligible lateral extension of the n-type isolation well and a low

latch-up susceptibility. Therefore it is possible to allow a

distance of 2A between the n-well edge and shallow n regions in the

p-well. This is design rule D in appendix 3. It is in accordance

with the meta rules formulated in section 5.1.

Design rule N of appendix 3 is not as obvious as the other design

105



C O

A A

CO CO

=» M *= =^
\[

O

N

L

JL
1 I L

Fig. 6.2 Design rules for aontaat windows.

Fig. 5.3 Active area edges inside aontaat windows and overetching

of, aontaat windows may result in a smaller ef'feative

junction depth x along the bird's beak than the nominal

junction depth x-,. The dash-dotted lines represent the

situation prior to source and drain drive in.
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rules. It states the necessity for active area (AA) edges not to be

inside contact windows (CO). It has been found from experience

[5.3] that otherwise sources and drains of NMOS transistors are

shorted to the p-well. This is assumed to be due to the

combination of only a short drive in of shallow diffusions after

implantation, the slope of the bird's beak and overetching of

contact windows. As a result the junction depth along the bird's

beak, xa in fig. 5.3, is much smaller than the junction depth in

active areas, shown as xj, in fig. 5.3. Therefore junction

spiking by the aluminium metallization during alloy is likely to

occur along the bird's beak. The effect does not seem to occur in

the case of PMOS transistors. This was not investigated further.

Very likely the effect does occur, but is not noticed in first

instance, due to formation of a Schottky diode [5.4] by the

aluminium and the lightly doped n-well.

5.3 Electrical considerations

Although the design rules given in appendix 3 are sufficient to

make devices, some rules should be considered, that ensure

satisfactory behaviour of circuits. These rules are:

- Use n-well and p-well contacts extensively,

- All grounded sources of both NMOS and PMOS transistors

should be strapped to the well by means of a direct

diffusion contact,

- N-wells should be as small as possible,

- Shallow n and shallow p regions should not be used as

interconnect.

The first two rules express the need for extensive n-well and p-

well contacting. This provides current drains for possible bulk

current and ensures small bulk resistances, which makes a circuit

less prone to latch-up. The next two rules are meant to minimize

the latch-up susceptibility of a circuit as well. If n-wells are

kept small, the current gain of parasitic lateral npn transistors

is small. Junctions of shallow n or shallow p regions used for
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interconnect, can be forward biased due to cross talk. This results

in n-well or substrate currents, which may initiate latch-up.

- Average current level in a metal line should not exceed

1 mA per pm line width.

Electromigration [5.5] is an effect which causes aluminium atoms to

migrate as a result of electrical current. Hence, the current level

in a metal line is limited. According to the MIL-M~3b51OE

specification [5.6], a current density of 2 * 105 Acm~2 is

regarded as an allowable maximum. In the THT-CMOS process a margin

is maintained, which results in the above design constraint.

5.4 Design of a gate array

A gate array has been developed to test the applicability of the

design rules and the viability of the process. The gate array

AS 448, which is presented in this section, is designed with a unit

measure A of 2.5 urn. Because of the extremely small lateral

extension of the n-type isolation well and the low latch-up

susceptibility, it has been possible to integrate 38 TTL compatible

I/O buffers and 448 gate equivalents on a chip of 4 * 4 mm2. An I/O

buffer is available for every possible bondpad. This means a high

flexibility for designers to generate a floorplan for their

application. Some of the I/O buffers can also be used as analog

inputs. A gate equivalent is identical to the number of transistors

needed for realizing a 2-input NAND. In CMOS this is 2 PMOS and 2

NMOS transistors.

The design of the core of the gate array is based on the gate

isolation technique [5.7]. It consists of a large number of NMOS

transistors connected in series next to a large number of PMOS

transistors connected in series. Next to these pseudo infinite rows

of transistors there are polysilicon cross-unders for interconnect.

Figure 5.4 shows a micrograph of a detail of this design. The main

advantage of the gate isolation technique is that a relatively
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Fig. 5.4 Detail of the aore of the AS 448 gate away with from top

to bottom: polysilieon oross-unders, PMOS transistors and

NMOS transistor's.

small library of logic cells is needed. The developed library

allows designers to be only concerned with interconnect between

logic cells. This is similar to designing printed circuit boards

with LSI circuits. The library cells available for this gate array,

range from simple inverters and buffers up to scan path data

latches. A disadvantage of the gate isolation technique is that

transistors must be sacrificed for isolation. Isolation between

logic cells is achieved by connecting the gate of an NMOS

transistor to ground and the gate of a PMOS transistor to the

positive supply rail. The spacing between transistors in the AS 448

gate array is chosen in such a way, that all library cells can be

wired completely within the area of the transistor rows and that
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well contacts are possible. Figure 5A shows that well contacts are

located under the supply rails in between every two transistors.

A schematic diagram of an I/O buffer is given as fig. 5.5. The

input buffer consists of a PMOS transistor as a pull-up device, a

two stage overvoltage protection and a Schmidt trigger. The pull-up

device is added to comply with the TTL convention that an

unconnected input is high.

bond pad

Ht

Fig. 5.5 Schematic diagram of an I/O buffer used in the AS 448
gate array.

The diodes of the first overvoltage protection stage are surrounded

by guard rings and have a larger area than the diodes of the

second stage. In this way possible bulk or n-well current is kept

to a minimum, which is necessary to avoid latch-up. The design of

the Schmitt trigger results in thresholds at 1.3 V and 2.0 V,

which is ASTTL (Advanced Schottky TTL) compatible. It has a fan-

out equal to that of an internal gate array inverter. The circuit

diagram of the Schmitt trigger is shown in fig. 5.6. Compared to

other Schmitt trigger designs [5.8], this one combines a high fan

out capability and high speed operation with only five transis-

tors. The width to length ratios of the three transistors on the

left of fig. 5.6 determine the two threshold voltages, whereas the

two transistors on the right determine the fan out. The output
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+Sv

«gnd

5.6 Circuit diagram of the Sahmitt trigger used in the AS 448

gate array. The given width to length ratios are in unit

measures.

buffer consists of a tapered inverter chain with separate control

for the NMOS and PMOS output transistors. Therefore tri-state and

open collector operation are possible. The output buffer can

easily sink H mA with an output voltage of 0.4 V, which makes the

output TTL compatible. The minimum spacing used between NMOS

transistors and n-wells is 5 ym. This is the main reason for

realizing the complete I/O buffer together with a bondpad on an

area of 300 * 350 ym2. Figure 5.7 shows a micrograph of the I/O

buffer.

The above features of the gate array show that, although A equals

2.5 (jtn, a high packing density can be obtained with the high energy

ion implantation approach. The high packing density is due to the

omission of guard rings in the I/O buffers and the small NMOS

transistor to n-well spacing, which is possible because of the the

small lateral extension of the n-well and the low latch-up

susceptibility.

5.5 Short description of circuits already realized

Several circuits have already been realized using the THT-CMOS

process. Among them a redesign of the AS 1H8 gate array. As can be
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Fig. 5.7 I/O buffer of the AS 448 gate array
schematic diagram is given as fig. 5.5

of which the

seen in fig. 5.7, the PMOS output transistor has a meander shaped

gate, which is driven from one side. Together with the polysilicon

sheet resistivity this causes the PMOS transistor to switch slowly.

It results in an output rise time of 60 ns instead of 25 ns, which

was simulated. Hence, it is better to use a fishbone shaped gate

instead of a meander shaped one for output transistors. This has

been done in the redesign. The layout of the polysilicon cross-

unders for interconnecting logic cells has been changed into a more

CAD tool suitable design.

Other circuits realized using the THT-CMOS process include the

prototype of a conference circuit for digital telephone exchanges

[5.93, current mode multivalued logic circuits [5.10] and third
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order switched capacitor ladder filters [5.11]. Especially for the

latter, option 1 was introduced in the THT-CMOS process, as has

been outlined in section 3-5.

For analog circuits a variation of the process is available, known

as option 2. It features lower absolute threshold voltages of both

NMOS and PMOS transistors. In this way a high signal swing is

possible in analog circuits. Option 2 was implemented by simply

changing both shallow boron well implantations. See appendix 1 or

the THT-CMOS design manual for further details. An interesting

analog circuit fabricated using option 2 is a four-quadrant

multiplier [5.12]. The design is based on the quadratic

relationship between the gate-source voltage and the drain current

of a MOS transistor in saturation and is shown in fig. 5.8.

Fig. 5.8 CMOS four-quadrant analog multiplier.

The possibilities of a smaller \ of 1.25 ym are under investigation

at the time of writing this thesis. For this purpose a gate array

with 837 gate equivalents has been designed [5.13]. It also uses

gate isolation and has full tri-state I/O buffers. Furthermore a
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SRAM i ,tic Rfidon Access Memory) is under development with a full

CMOS m.. -y eel.;. [5.14]. The memory has a capacity of 4K bits,

which Pi. 2 in approximately 25,000 transistors on an area of 13

mm2. A n,c ry i;' easy to test and local defects do not result in

malfunction!̂ ..?; oi the whole circuit. Therefore it will be used for

yield analysis.
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6. Epilogue

The research described in this thesis was aimed at establishing a

CMOS process at Twente University of Technology. Instead of copying

an industrial process a novel approach to CMOS has been pursued. It

is the use of high energy ion implantation. It has been shown that

this approach yields acceptable electrical characteristics of MOS

transistors.

The work described in this thesis has also resulted in activities

not directly aimed at CMOS process development. They stem from a

lack of manpower in the IC-technology and Electronics group. As a

result the infra-structure for developing a process was not

complete. Therefore additional activities were felt to be

necessary. They included:

- Process and device simulation environment installation,

- Development of gate arrays,

- Device model parameter extraction,

- Contributions to parametric testing.

The process and device simulation environment created is described

in section 3.1. Personal interest in gate arrays resulted in the

development of the gate array described in section 5.4, as an

application of the process. The gate array is used in a design

course for undergraduate students [6.1]. The IC device model

parameter extractor PROMEA is presented in section 4.3. It

continues the basic ideas of similar programs like SUXES and

SIMPAR. The work on parametric testing was initiated by the

development of the drop-in mentioned in chapter 4. Section 4.1 of

this thesis reports on automated sheet resistivity measurements and

section 4.2 on automated MOS transistor characterization.
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6.1 Conclusions

From the work described in this thesis it can be concluded that

high energy ion implantation is feasible as a CMOS processing step.

It can also be concluded, that high energy ion implantation has

advantages over conventional diffusion techniques. The main topic

is the elimination of extended high temperature cycles in the

processing sequence. It results in an isolation well with a

retrograde impurity profile and a small lateral extension beyond

the mask edge. This permits a high packing density in CMOS circuits

[6.2] and results together with the use of a thin epitaxial layer

on a heavily doped substrate [6.3] as starting material in a low

latch-up susceptibility.

The lateral extension of the isolation well of conventional

processes is usually a few microns. Therefore this lateral

extension is a major limitation to obtain a high packing density in

present CMOS circuits. High energy ion implantation may decrease

the importance of this limitation, because lateral spreading of

impurities during implantation is much smaller than lateral

diffusion of impurities during high temperature cycles. This is

demonstrated by the realization of the I/O buffer of the AS 448

gate array discussed in section 5.4.

Impact ionization and latch-up are important phenomena in present

CMOS processes. They become more important with decreasing device

dimensions and decreasing device spacings. The THT-CMOS process

uses an n-type isolation well, which helps in suppressing latch-up

and impact ionization effects [6.4], By the use of a thin p-type

epitaxial layer on top of a heavily boron doped substrate this

suppression is even better, as has been discussed in sections 2.1

and 2.2 of this thesis. The use of a thin epitaxial layer is

possible because of very limited high temperature processing. As a

result boron hardly diffuses out of the heavily doped substrate

into the lightly doped epitaxial layer. The low latch-up

susceptibility of the THT-CMOS process is demonstrated by the

results of measurements presented in section 4.4.

As has been discussed in section 2.7, a near ideal bulk impurity

distribution is obtained for both NMOS and PMOS transistors. This
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is due to the twin-well approach of the THT-CMOS process, well

formation after LOCOS field oxide growth and the use of high energy

ion implantation for well formation. Furthermore, electrical

characteristics of MOS transistors are very reproducible, because

of the twin-well approach already mentioned and the use of ion

implantation as the only doping technique. This also implies that

process simulation is quite accurate, since ion implantation

modelling is rather good in contrast to modelling of oxidation and

diffusion processes. The use of high energy ion implantation may

also simplify processing and decrease the total processing time, as

has been discussed in section 3-9.

Electrical characteristics of MOS transistors fabricated using the

THT-CMOS process are acceptable. This is demonstrated by the device

characteristics, presented in section 4.3, and the measured

switching speeds, reported in section 4.5. Especially the narrow

width effect is small compared to other processes.

Possible disadvantages of retrograde wells, in terms of device

characteristics, may be high bulk factors and high source and drain

capacitances. However, the bulk factors iii the THT-CMOS are

acceptably low, due to the use of a thin gate oxide. Source and

drain capacitances will become less important in future VLSI

circuits, as has been outlined in section 3-9.

The viability of the process and the applicability of the design

rules of appendix 3 are demonstrated by the circuits already

realized using the THT-CMOS process. A short description of some of

these circuits is given in section 5.5.

6.2 Chronological summary

Although reading this thesis might lead to the opposite conclusion,

the concept of the THT-CMOS process has matured gradually. Research

on the THT-CMOS process was started after re-establishing the IC-

laboratory at Twente University of Technology in November 1981. The
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most remarkable acquisition was a 500 kV ion implanter. The

research on the CMOS process to be developed started with studying

existing MOS processes and figuring out possible processing

sequences. Obviously the use of an n-type isolation well [6.4] was

a way to pursue and ion implantations could easily be integrated in

an n-well CMOS processing sequence [6.5]. Furthermore, the use of

a.-i epitaxial layer on top of a heavily doped substrate would lower

the latch-up susceptibility [6.3] and suppress impact ionization

effects. From the start, circuit design and design rule

considerations were included in the development of the processing

sequence. It was decided to use A based layout rules [6.6]. This

resulted in simple design rules, which are scaleable with critical

device dimensions. It simplified the development of the design

rules as well. It was also decided to develop a gate array as a

first application of the process.

Because the IC laboratory was not fully operational at that time,

experiments representative for future processing were not possible.

Much attention was therefore paid to process simulations. As a

result only a few experiments were necessary before promising

results were obtained. Initially a twin-well CMOS process was

developed with a gate oxide thickness of 50 nm, a single boron

threshold tailoring implantation for both types of transistors and

an epitaxial layer thickness of 8 \im [6.7]. The twin-well approach

simplifies processing concerning the combination of the high energy

ion implantations and the processing steps that are involved in

defining the impurity concentration under the field oxide.

Initially the high energy ion implantation steps were intended to

shorten the drive in steps needed for the wells, hence to simplify

well formation. The next step in the development of the THT-CMOS

process was the use of retrograde impurity profiles in the wells

[6.2]. It was also decided to form the wells after LOCOS field

oxide formation, which avoided problems with their alignment. The

first batches were processed in April 1982 using 5 urn design rules

for experimental devices.

MOS devices from the first batches showed far from ideal

characteristics. Some problems encountered were low trans-

conductances, many devices with degraded characteristics and higher

than calculated absolute threshold voltages for both NMOS and
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PMOS transistors. It became clear from literature, that the process

lacked annealing steps, for instance after gate oxide growth [6.8]

and after implantations prior to oxidations. Furthermore, there

were no processing steps for reduction of the fast surface state

density. These problems are not related to CMOS in the first place

and as a result they were not initially taken into consideration.

As can be concluded from reading chapter 3 of this thesis,

annealing steps have been added to the processing sequence where

appropriate.

The introduction of annealing steps resulted in satisfactory

behaviour of MOS devices. However, the THT-CMOS process kept

changing. This was due to introduction of new processing steps in

the IC laboratory. Next a closer examination of device

characteristics was started. Due to the elimination of extended

high temperature cycles, a thinner epitaxial layer was possible.

From measurements of the subthreshold slope and the bulk factor it

became evident that the gate oxide was too thick for the bulk

concentrations useo, especially in the p-well. Therefore the dose

of the p-well implantation was lowered and the process was changed

to accomodate a 25 nm thick gate oxide. The threshold tailoring

implantations became different for NMOS and PMOS transistors. These

implantations were done after the high energy implantations forming

the wells and before gate oxidation. A minor change was also

performed concerning the drive in of the shallow implants forming

sources and drains. These developments resulted in the process

presented in this thesis. The transition to smaller dimensions with

X eqaal to 1.25 ym did not change the process. However, channel

lenghts below 2.5 ym will require a change in the process to avoid

short channel effects.

6.3 Suggestions for further research

Future research on the THT-CMOS process could emphasize two

subjects. The first is a further refinement of the process to

obtain higher switching speeds. A second subject for further

research could be device performance, especially the operation of
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short channel PMOS transistors.

Possible process refinements are:

- Fully recessed field oxide,

- Bird's beak free field oxide,

- Self-aligned silicidation of polysilicon gates and shallow

diffusions,

- Thinner gate dielectric by nitridation of oxide.

Fully recessed field oxide is obtainable by small changes in the

processing sequence which forms the LOCOS field oxide. After

definition of the AA design in photoresist, not only the silicon

nitride but also the pad oxide and 0.35 um silicon should be

etched. After resist removal and field oxide growth an almost

planar surface is formed, as shown in fig. 6.1.

Fig. 6.1 A fully recessed LOCOS structure.

The advantages of fully recessed field oxide include planarization

of the wafer surface, which improves the quality of subsequent

lithography steps, and elimination of the sidewall capacitance of

sources and drains. Design rule N in appendix 3. which is necessary

to avoid junction spiking as discussed in section 5.2, might even

become superfluous. Reproducible etching of monocrystalline silicon

has not be'en possible using wet etching. With the recent

acquisition of RIE equipment in the IC laboratory, etching of mono-
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crystalline silicon should not be a problem. Hence, the

introduction of a fully recessed field oxide is most likely the

next step in the development of the THT-CMOS process.

With further downscaling of device dimensions, the lateral

extension of the bird's beak becomes a problem. This topic has

already been discussed in section 3.3. Possible solutions are the

use of a polysilicon buffer [6.9] durj.-'g field oxide growth or the

use of fabrication sequences which avoid bird's beak formation

[6.10]. However, the latter possibility increases the complexity of

the process. It will have to be studied whether this is acceptable.

The so-called spacer technology has been developed for formation of

lightly doped drain (LDD) structures. This has been treated in

section 2.3. An alternative application of this spacer technology

is to use it for self-aligned silicidation [6.10] of polysilicon

gates and sources and drains of both NMOS and PMOS transistors. In

this way layers with very low resistivities are obtained, which

increases the speed performance of circuits. It might also be

possible to use lightly doped shallow n and p regions, which

suppress hot electron effects. If tungsten is used for the

silicide formation, the surface impurity concentration of the p-

well might be lowered and the shallow boron implantation of the n-

well could be omitted. This is caused by a more optimal work

function of tungsten silicide [6.12] compared to n-type

polysilicon.

A thin gate dielectric is desirable, because it increases device

performance. For instance it results in a high transconductance of

MOS transistors, in a low bulk factor and in a small short channel

effect. However, for reliability reasons the thickness of silicon

oxide as gate dielectric is restricted to 15 - 20 nm. Nitridation

[6.13] of the gate oxide might allow a thinner dielectric. The

dielectric obtained in this way has a higher breakdown voltage and

a higher permittivity than plain silicon oxide with the same

thickness.

The emphasis of the work described in this thesis has been on

processing. Now the THT-CMOS process has been established, a closer

look at device operation might be appropriate. A topic of interest
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for the operation of circuits is the long term reliability of

devices. Hence, some possible subjects for further research are

yield, threshold shift due to hot electrons, threshold shift due to

mobile ions, long term reliability of the gate oxide and

reproducibility of device characteristics. Another research subject

could be a better understanding of the operation of the buried

channel PMOS transistor [6.11)]. This research might result in an

additional phosphorus implantation in the n-well with an energy of

approximately 300 keV [6.15] to avoid subthreshold leakage in short

channel PMOS transistors. A gate material with a different work

function might also solve this problem, as has been mentioned

previously, due to the elimination of the compensating boron

threshold tailoring implantation.
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Appendix 1

Update 24-Nov-85

Fase 1 for CMOS

Wafer cleaning.

27 nm pad oxide
800 -

950
950 -

950

800

°C
°C
°C

12.
30

- 7.

5

5

°C/min

min
°C/min

02/C33

Deposition of 50 nm LPCVD silicon nitride.
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Appendix 1

Update 27-0ct-85

Fase 2 for CMOS

AA patterning in AZ 1̂ 50 photoresist.

Plasma etching of silicon nitride.

Resist stripping, wafer cleaning.

700 nm LOCOS field oxide.

800
1050

1050

- 1050

- 800

°C
°C
°C

12.
4.

- 7.

5
5
5

°C/min

hr
°C/min

H
H
H

20/85

20/85

,0/85

Remove oxidized nitride.

Remove silicon nitride, also on back of wafer.

Sacrificial oxidation, to a thickness of 100 nm.

800 - 950 °C 12.5 °C/min H20/85

950 20 min H20/85

950 - 800 °C - 7.5 °C/min H20/85
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Appendix 1

Update H)-Nov-85

Fase 3 for CMOS

* DP patterning in AZ 1375 photoresist.

* P-well implantation.

Boron 1.5 * 10'

Boron 1.5 * 10'

-0pt2 Boron 2 * 10" cm"2 100 keV

* Resist stripping.

* DN patterning in AZ 1375 photoresist.

N-well implantation.
Phosphorus
Boron
Boron

1

6
1

*
*

1013

1 0 "
1012

cm"2

cm"2

cm"2

1

50
50

MeV
keV
keV-Opt 2

* Resist stripping, wafer cleaning.

* Implantation anneal.

800 °C 30 min Nz
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Appendix 1

Update m-Nov-85

Fase JJ for CMOS

* Opt1 First deposition of 500 nm LPCVD phosphorus doped polysilicon.

* Opt'i Deposition of 50 nm LPCVD silicon nitride.

* Opt1 LPS patterning in AZ 1450 photoresist.

* Opt1 Plasma etching of silicon nitride and polysilicon.

* Opt1 Resist stripping.

* Opt1 Spinning and baking of AZ 1375 photoresist.

* 0pt1 Plasma etching of silicon nitride and polysilicon on back of

wafer.

* Opt1 Resist stripping, wafer cleaning.

* Cleaning of oxidation tube, without wafers.

1150 °C 60 min 02/C33

* Removal of sacrificial oxide.

25 nm gate
800
950
950
950

oxide.
- 950

- 800

°C
°C
°C
°C

12
30
20

- 7

.5

.5

"C/tnin
min
min

°C/min

02/C33

o2
N2
N,

Spinning and baking of AZ 1450 resist.

Removal of oxide from back of wafer.

Resist stripping, wafer cleaning.

Deposition of 500 nm LPCVD phosphorus doped polysilicon.
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Appendix 1

Update 25-Sep-85

Fase 5 for CMOS

Polysilicon implantation.

Phosphorus 2 * 1015 cm"2 70 keV

PS patterning in AZ 1450 photoresist.

Plasma etching of polysilicon.

Resist stripping.
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Appendix 1

Update 2-Jul-85

Fase 6 for CMOS

SP patterning in AZ 1450 photoresist.

SP implantation.

Boron 1.5 * 10IS cm"2 40 keV

* Resist ashing.

* Wafer cleaning.
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Appendix 1

Update 25-Sep-85

Fase 7 for CMOS

SN patterning in AZ 1^50 photoresist.

SN implantation.
Phosphorus 1.5 * 10 1 5 cm"2 70 keV
Arsenic 2 * 10 1 5 cm"2 100 keV

Resist ashing.

Wafer cleaning.
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Appendix 1

Update 2-Sep-85

Fase 8 for CMOS

Damage anneal.

550 °C 60 min N2

Polysilicon oxidation and drive in.

800 - 950 °C 12.5 °C/min 02/C33
950 °C 30 min 02

950 °C 20 min N2

950 - 800 °C - 7.5 °C/min N2

Deposition of 100nm CVD oxide.

500nm BPSG flow glass.

Flow of BPSG
800
900
900

and gettering.
- 900 °C

°C
- 600 °C

12.5

60
- 2

"C/min

min
0C/min

N2
N2
N

Surface state anneal.

500 °C 60 min H20/25
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Appendix 1

Update i6-Oct-85

Fase 9 for CMOS

* CO patterning in AZ 1450 photoresist,

* Plasma etching of oxide.

* Opt1 plasma etching of nitride on LPS.

* Resist stripping.
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Appendix 1

Update 19-Jun-84

Fase 10 for CMOS

Dip etch.

Evaporation of 1 um Al/1?Si, using wafer heating.

IN patterning in AZ 1450 photoresist.

Aluminium etching.

Resist stripping.

Alloy.

400 °C 15 min H,O/25
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Appendix 1

Update 15-Nov-83

Fase 11 for CMOS

Deposition of 500 nm CVD oxide.

CB patterning in AZ 1450 photoresist.

Etching of CVD oxide.

Resist stripping.
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Appendix 1

Update 19-Mar-85

Fase 12 for CMOS

Testing.

Removal of polysilicon and n-type layer from back of wafer.

Mounting.
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C M O S processing wafei

designer
wafer identification
processing start
processed by



Appendix 2

C M O S measurements wafer sheet 1

wafer identification:
batch number :
designs : l. .

( A )
( )
( B C D )
( )
\ E /

measurements by
date

Capacitances

C/LPS-DP
C/PS--LPS
Cox/DN
C/SP-DN

C/PS-DP
C/IN-PS
Cox/DP
C/SN-DP

(5V)
(OV)

(-5V)
(OV)

Sheet resistances

DN
SN
SP
PS
PS (in SP area)

LPS
LPS (in SP area)
LPS (in PS area)

Contact resistances

Rc/IN-SN
Rc/IN-SP
Rc/IN-PS
Rc/IN-LPS

Jov» JSo«.L
I © - I X _ 8 S -

A

Q.I 6

B c D E

o . lo

A B c

a<,.3

D

bS,e

A3.1.

E

A

4.S"O

B

ir
T.

c
\1.9

r. oe

D

!l

. O

.So -

E

nF/cm2

nF/cm2

nF/cm2

nF/cm2

nF/cm2

nF/cm2

nF/cm2

nF/cm2

a/a
a/a
a/a
il/a

a/a

a/a
a/a
a/a

fl/5*5um2

£2/5*5 ums

n/5*5ym2



Appendix 2

C M O S measurements wafer sheet 2

wafer identification
batch number
designs

********************

measurements by
date

NMOS transistors

vto
BETA
THETA
GAMMA
Nsub

PMOS transitors

vto
BETA
THETA
GAMMA
Nsub

Field transistor

VtO/NMOS
VtO/PMOS
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Appendix 3

A3. Design rules

November 83

The design rules for the CMOS process of Twente University of

Technology are kept simple in order to achieve a short design

time. A small set of design rules is achieved by using measures

which are multiples of a unit measure A. Scaling becomes easy by

redefining A, without redesigning circuits.

A3.1 Lay-out design rules

In table A3.1 a summary of the layers in the CMOS process are

given. The DP mask will be generated automatically from the DN

design and the SN mask from the SP design. Therefore the DP mask

and the SN mask do not have to be designed.

abbreviation

AA
DP
DN
PS
SP
SN
CO
IN
CB

name

active areas

deep p

deep n

polysilicon

shallow p

shallow n

contact windows

interconnect

contact windows for bondpads

Table A3.1 Summary of the layers of the CMOS process.
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The base of the set of design rules consists of two so-called meta-

rules:

- All dimensions must be at least 2A,

- Allowed misalignment is X.

On the following pages these meta-rules are applied to the CMOS

process of Twente University of Technology. This results in a set

of design rules which accounts for such phenomena as over-etching,

misalignment, underexposure or overexposure of photoresist and

sufficient electrical isolation. With these design rules, and the

recommendations of section A3.2, the designer does not need a

thorough knowledge of the process.

Currently A equals 2.5 um or 1.25 um. The process to be used for

A = 2.5 um is called CMOS, whereas the process is called ACMOS when

designing with A = 1.25 um. The technology is the same in both

cases.
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Fig. A3.1 Design rules for the AA pattern.

Designing starts with the AA pattern for the active areas. Active

areas are the areas with gates or with shallow diffusions.

A - Minimum feature size in the AA pattern is

B - Minimum spacing between active areas is

This spacing can be governed by the DN

pattern, so check the design rules for the DN

pattern.

2\.

2\.

1*5
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A A

C

Fig. A3.2 Design rules for the DN pattern.

The DN pattern determines the n-wells. The edge of the n-well

should be outside active areas.

C - Minimum separation between the DN and the AA

pattern in the n-well is 2X.

The area of the n-well should be as small as

possible, so in most cases this means a fixed

separation between DN and AA pattern of 2\.

D - Minimum separation between the DN and the AA

pattern outside the n-well is 2\.
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Fig. A3.3 Design rules for the PS -pattern.

The PS pattern defines the polysilicon pattern. The polysilicon is

used for the gates of MOS devices and as wiring level.

E - Minimum feature size in the PS pattern is 2X.

F - Minimum spacing between PS features is 2\.

G - PS features used for gates should overlap

the AA features by at least X.

H - Minimum separation between the AA and the PS

pattern inside the active areas is A.

I - Minimum separation between the AA and the PS

pattern outside the active area is X.
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A A

If

J

Fig. A3.4 Design rules for the SP pattern.

The SP pattern defines the source and drain on PMOS devices and the

p-well contacts. Shallow diffusions are only formed in active areas

not covered by polysilicon. Therefore the SP pattern may overlap

the AA pattern as well as the PS pattern.

J - Minimum feature size in the SP pattern is 2A.

The feature sizes in the SP pattern are

often governed by the AA or the CO pattern.

So check the design rules for those layers.

K - SP features should at least overlap AA features by A.
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Fig. AS.5 Design rules for the CO pattern.

The CO pattern defines the contact windows. These are used to

connect shallow diffusions and polysilicon patterns to the

metallization. Contact windows are only allowed inside active

areas or inside polysilicon features on LOCOS.

L - Minimum feature size in the CO pattern is 2X.

Maximum feature size in the CO pattern is 4X.

Care should be taken in designing a source

with a strapped well contact. The areas to

both shallow diffusions should be at least

2X by 2X. This results in a contact window

of at least 2X by 4X as can be concluded

from fig. A3.4 and fig. A3.5.

M - Minimum spacing of CO features is 2X.

N - Minimum separation between CO and AA pattern is X.

0 - Minimum separation between CO and PS pattern

inside active area is 2X.

P - Minimum separation between CO and PS pattern

outside active areas is i.
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IN

IN

C O co 'I

•
IN

C O

Fig. AS.6 Design rules for the IN pattern.

The IN pattern defines the interconnect metallization. All contact

windows should be covered by metal.

Q - Minimum feature size in the IN pattern is 2\.

R - Minimum spacing of IN features is 2A.

S - IN features should overlap CO features at least by X.
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Fig. A3.7 Design rules for bondpads.

The size of the bondpads are not as scaleable as feature sizes of

circuitry. Therefore the design rules for the bondpads are given in

absolute measures. The CB pattern should be inside the bondpad.

T - Size of a bondpad in the IN pattern WO urn x WO um.

U - Spacing between bondpad edge and CB pattern 5 um.

151



Appendix 3 October 85

A3.2 Electrical considerations

Although the design rules given in the previous paragraph are

sufficient to make devices, some rules should be considered for

satisfactory electrical behaviour of circuits:

- Use n-well and p-well contacts extensively.

- N-wells should be as small as possible.

- All grounded sources of both NMOS and PMOS transistors should be

strapped to the well by means of a direct diffusion contact.

- Do not use SN and SP as wiring levels.

- Average current level in a metal line should not exceed 1 mA per

micron line width.
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A3.3 Option 1 : A second polysilicon layer

A second polysilicon layer is available as an option. This LPS

layer is intended to be used for realization of high performance

capacitors. A silicon nitride layer of about 50 nm is used as

dielectric between LPS and PS layer. Due to PS-LPS leakage current

problems on LPS edges, it is advisable not to use the LPS as an

additional interconnect layer. It is also not possible to make CCD

structures.

The design rules for the PS layer apply also to the LPS layer. LPS

features are only allowed outside active areas.

V - For precision capacitors the LPS layer is to be

regarded as the ground electrode and it should

be larger than the PS electrode. The electrode

edges should be separated by 2\.

Fig. A3.8 Design rule for high preaieion aapaaitors.
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Summary

The work described in this thesis was aimed at establishing a CMOS

process at Twente University of Technology for the realization of

integrated circuits. Instead of copying an existing process a novel

approach to CMOS processing has been pursued with the use of high

energy ion implantation for the formation of the isolation well.

This thesis starts with some background information on CMOS. In

chapter 2 physical phenomena important for CMOS process development

are discussed. Latch-up and impact ionization considerations both

favour the use of an n-type isolation well and an epitaxial layer

on top of a heavily doped substrate as starting material. High

energy ion implantation for well formation after LOCOS field oxide

growth results in a near ideal bulk impurity distribution. This is

fully exploited in the THT-CMOS process for both NMOS and PMOS

transistors. Chapter 3 provides a description of the process.

Characteristics of devices are presented in chapter 4. This chapter

also discusses some characterization techniques. Design rules are

discussed briefly in chapter 5. A short overview is given of

circuits already fabricated using the THT-CMOS process. The final

chapter gives, after the conclusions, a chronological summary of

the development of the THT-CMOS process and suggests possible

subjects for further research.

High energy ion implantation is feasible as a CMOS processing step

and has advantages over conventional diffusion techniques. The

elimination of extended temperature cycles in the processing

sequence results in a small lateral extension of the isolation

well permitting a high packing density in CMOS circuits. The use of

a thin epitaxial layer on a heavily doped substrate results in a

low latch-up susceptibility.
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Samenvatting

"Ontwikkeling van een CMOS proces gebruikmakend van hoge energie

ionen iirplantatie"

Het werk dat beschreven wordt in dit proefschrift had tot doel het

verkrijgen van een CMOS proces aan de Technische Hogeschool Twente

voor het realiseren van geïntegreerde schakelingen. Hoge energie

ionen implantatie wordt gebruikt voor het maken van de isolatie

kuip. Deze nieuwe richting in de CMOS fabricage is het essentiële

verschil met conventionele processen.

Dit proefschrift begint met enige achtergrond informatie over CMOS.

In hoofdstuk 2 worden fysische effekten behandeld die van belang

zijn voor CMOS proces ontwikkeling. Overwegingen betreffende latch-

up en stoot ionisatie effekten geven aanleiding tot het gebruik van

een n-type isolatie kuip en een epitaxiale laag op een hoog

gedoteerd substraat. Door hoge energie ionen implantatie te

gebruiken voor het maken van de kuip na lokale oxidatie van het

veld gebied ontstaat een bijna ideale doterings verdeling. Dit

wordt ten volle benut in het THT-CMOS proces voor zowel NMOS als

PMOS transistoren. Hoofdstuk 3 geeft een beschrijving van het

ontwikkelde proces. Eigenschappen van MOS transistoren worden

gepresenteerd in hoofstuk 4. Dit hoofdstuk bespreekt ook enkele

karakterisatie technieken. Regels voor het ontwerpen worden kort in

hoofdstuk 5 behandeld. Tevens wordt een overzicht gegeven van

schakelingen die reeds gemaakt zijn met het THT-CMOS proces. Het

laatste hoofdstuk geeft de konklusies, een chronologische

samenvatting van de ontwikkeling van het THT-CMOS proces en

mogelijke onderwerpen voor toekomstig onderzoek.

Hoge energie ionen implantatie is bruikbaar als een CMOS processtap

en het heeft voordelen ten opzichte van konventionele diffusie

technieken. Het vermijden van langdurige hoge temperatuur stappen

resulteert in een kleine laterale uitbreiding van de isolatie kuip.

Door het gebruik van een dunne epitaxiale laag op een hoog

gedoteerd substraat wordt een lage latch-up gevoeligheid bereikt.
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1 Hoge energie ionen implantatie is bruikbaar als een CMOS

processtap.

(Dit proefschrift)

2 Latch-up en de laterale uitbreiding van de isolatie kuip

zijn belangrijke beperkingen voor het verkleinen van de

afmetingen in conventionele CMOS schakelingen. Hoge energie

ionen implantatie verlaagt de belangrijkheid van deze

beperkingen.

(Dit proefschrift)

3 De waarden van MOS transistor model parameters, verkregen

door extractie van gemeten drain stromen, zijn noch

eenduidig noch constant. Zij hangen namelijk sterk af van

het MOS model en de metingen die gebruikt zijn.

(Dit proefschrift blz. 90)

4 De houdspanning is geen juiste parameter voor de

karakterisatie van latch-up gevoeligheid.

(Dit proefschrift blz. 91, [1.7] en [4.13])

5 Het grote aantal publikaties over onderzoek van GaAs en

andere samengestelde halfgeleiders is niet gerechtvaardigd

door hun practisch belang.

(ESSDERC'85)

6 De gebruikelijke betekenis van het woord simuleren geeft een

veel te zwak beeld van de kracht van simulatie programma's

als gereedschap voor onderzoek en ontwikkeling.

7 De samenwerking in een onderzoeksgroep wordt niet bevorderd

door beeldschermen op bureaus van individuele onderzoekers.

8 Het verschil tussen de in het promotie regelement van de

Technische Hogeschool Twente genoemde begrippen

"proefschrift" en "proefontwerp" is niet duidelijk.

9 Gezien het aantal eenpersoons huishoudens in Nederland is

het noodzakelijk het aantal avondwinkels te vergroten,

10 Het telefonisch laten ziek melden door de levenspartner

berust op de misvatting dat als men ziek is men ook niet kan

praten.

11 Zoals men bij het verwennen van een kind ervoor moet waken

dat het niet bedorven wordt, moet men bij het hebben van een

visie ervoor waken dat het geen visioen wordt.



1 High energy ion implantation is feasible ao a CMOS

processing step.

(This thesis)

2 Latch-up and the lateral extension of the isolation well are

major limitations in downscaling dimensions in conventional

CMOS circuits. High energy ion implantation reduces the

importance of these limitations.

(This thesis)

3 The values of MOS transistor model parameters obtained by

extraction from measured drain currents are neither

unambigious nor constant. They strongly depend on the MOS

model and the measurements used.

(This thesis p. 90)

4 Holding voltage is not a proper parameter for

characterization of latch-up susceptibility.

(This thesis p. 91, [1.7] and [4.13])

5 The large number of publications on research of GaAs and

other compound semiconductors are not justified by their

practical importance.

(ESSDERC'85)

6 The common meaning of "to simulate" gives a much too weak

impression of the power of simulation programs as a tool

for research and development.

7 The cooperation in a research group is not promoted by

terminals on desks of individual researchers.

8 The difference between "thesis" and "design" is not clear in

the PhD regulations of Twente University of Technology.

9 The number of single-person households in the

Netherlands makes it necessary that an increasing number of

shops should be open in the evening.

10 Letting the partner report one's illness by telephone is

based on the misunderstanding that when one is ill one

cannot speak.

11 Just like one has to watch when spoiling a child that it

doesn't become spoiled, one also has to watch when having a

vision that it doesn't become a vision.



Samenvatting

"Ontwikkeling van een CMOS proces gebruikmakend van hoge energie
ionen implantatie"

Het werk dat beschreven wordt in dit proefschrift had tot doel het
verkrijgen van een CMOS proces aan de Technische Hogeschool Twente
voor het realiseren van geïntegreerde schakelingen. Hoge energie
ionen implantatie wordt gebruikt voor het maken van de isolatie
kuip. Deze nieuwe richting in de CMOS fabricage is het essentiële
verschil met conventionele processen.

Dit proefschrift begint met enige achtergrond informatie over CMOS.
In hoofdstuk 2 worden fysische effekten behandeld die van belang
zijn voor CMOS proces ontwikkeling. Overwegingen betreffende latch-
up en stoot ionisatie effekten geven aanleiding tot het gebruik van
een n-type isolatie kuip en een epitaxiale laag op een hoog
gedoteerd substraat. Door hoge energie ionen implantatie te
gebruiken voor het maken van de kuip na lokale oxidatie van het
veld gebied ontstaat een bijna ideale doterings verdeling. Dit
wordt ten volle benut in het THT-CMOS proces voor zowel NMOS als
PMOS transistoren. Hoofdstuk 3 geeft een beschrijving van het
ontwikkelde proces. Eigenschappen van MOS transistoren worden
gepresenteerd in hoofstuk 4. Dit hoofdstuk bespreekt ook enkele
karakterisatie technieken. Regels voor het ontwerpen worden kort in
hoofdstuk 5 behandeld. Tevens wordt een overzicht gegeven van
schakelingen die reeds gemaakt zijn met het THT-CMOS proces. Het
laatste hoofdstuk geeft de konklusies, een chronologische
samenvatting van de ontwikkeling van het THT-CMOS proces en
mogelijke onderwerpen voor toekomstig onderzoek.

Hoge energie ionen implantatie is bruikbaar als een CMOS processtap
en het heeft voordelen ten opzichte van konventionele diffusie
technieken. Het vermijden van langdurige hoge temperatuur stappen
resulteert in een kleine laterale uitbreiding van de isolatie kuip.
Door het gebruik van een dunne epitaxiale laag op een hoog
gedoteerd substraat wordt een lage latch-up gevoeligheid bereikt.


