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ABSTRACT 

Electro-Static Discharge ( ESD ) problems in the semiconductor industry are 

exacerbated by the lack of information about the magnitudes of these events and 

their locations. 

This thesis describes an integrated device, similar in structure to an EEP-

ROM cell, capable of measuring the magnitudes and polarities of electrostatic dis

charges. A quantitative formulation of the transfer characteristic of the device as 

a function of the design parameters and the subsequent layout, manufacturing and 

evaluation of this detector was obtained. A chip was fabricated which included 

experiments to test the presented mathematical model and its extensive range of 

sensitivity, as well as several structures to evaluate the use of this detector in indus

trial environments. Extensive use of computers helped in the process design and in 

the simulation of the non-linear model for the operation. 
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1. INTRODUCTION 

Electrostatic discharges were known to the old Greeks and are familiar to 

most people in a rather unpleasant way. The electric shock felt by touching a 

metallic door knob after walking with synthetic shoe soles over a carpet is just one 

example of an electrostatic discharge. In general, an object is called charged when 

the amounts of positive and negative charge particles residing on the object are not 

balanced. This non-equilibrium manifests itself as a difference in potential between 

the object and its surroundings. When no provisions are made for the controlled 

dissipation of these charges, the equalization of the static potentials occurs in very 

fast, spark-like discharges. These Electro-Static Discharges shall throughout the 

thesis be called "ESD events." 

The problem of ESD arose for the electronics industry with the advent of 

MOS (Metal Oxide Semiconductor) technology in the late 1960's. By 1977 the first 

military document on ESD was issued and since 1979 an annual symposium on Elec

trical Overstress and Electro-Static Discharge effects EOS/ESD with approximately 

1600 attendees31, is held. A tremendous amount of technical publications concern

ing protection against ESD have been published. Introductions to and overviews 

of the problem can be found in books such as those by Bahr30 or Jowett19 for 

the electronics and materials point of view, respectively, or in the DOD Handbook 

26336. Aside from this overwhelming amount of literature, innumerable companies 

sell products for this sector, ranging from wrist straps and dissipative materials for 

the workplace to air ionizers and ESD-safe cleaning lotions. Nevertheless the prob

lem is growing, mainly due to an increased sensitivity of today's high-performance 

devices. The new ULSI devices will be even more sensitive as the miniaturization 

of the transistor dimensions continues and the use of III-V materials such as GaAs 
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increases29. ESD is a major reliability and yield concern for every IC manufacturer 

and customer22. Better control to alleviate the problem is mandatory. This work 

presents a promising attempt to locate and quantify the problem. With the chip to 

be described here, it is now possible to obtain meaningful data on the troublesome 

ESD event itself, as well as quantitative data on the effects of such events at and 

below destructive magnitudes. 

1.1 The Problem of ESD in Electronics 

When a transistor or integrated circuit (IC) is exposed to an ESD event, the 

energy of this discharge is dissipated within the electronic circuit. The voltages, 

and possibly also the currents, during such an event can be far greater than during 

normal operating conditions. A device may be destroyed or be barely affected by 

this event. One typical classification of the failure effects distinguishes between 

catastrophic, parametric and latent failure. A failure is called catastrophic when 

the Device Under Test (DUT) ceases to perform the task it was built for. In a 

parametric failure one or several parameters of the device such as the threshold 

voltage Vi, the transconductance gm or an offset voltage axe shifted beyond the 

specified limits, leading to possible malfunction of the circuit. Latent failures are 

not detectable immediately after the event; rather the reliability and the lifetime of 

the device axe negatively affected. The actual failure will occur prematurely when 

the device is in use, which makes this type of degradation the most expensive and 

difficult to locate. Currently there is no confirmed method known to detect latent 

ESD failures. 

Another classification can be made with respect to the voltage that causes 

catastrophic damage in a particular device. The U.S. DOD-STD-168648, for exam

ple, divides devices into three classes: Class I for items sensitive to voltages lower 
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than 1999 V, Class II for items sensitive between 2000 V - 3999 V and Class III for 

items sensitive between 4000 V - 15,999 V. Many devices, however, are sensitive to 

much lower discharge voltages. Modern CMOS and NMOS structures are partic

ularly sensitive; as little as 30 V can destroy a VMOS (V-groove MOS) element18. 

The quest for increased speed and density of chips means smaller transistors; how

ever, when scaling the gate length, the gate oxide thickness has to be decreased 

as well49. These thin oxides are vulnerable even with advanced on-chip protection 

networks. It is unnecessary to touch such a device; induction from a nearby moving 

charge is often sufficient to damage the chip18. 

The full significance of ESD for the electronics industry can be seen from the 

actual failure rates. An estimated 65% - 80% of all field failures of MOS devices are 

due to electrostatic discharge30. In the manufacturing environment the decrease of 

the yield due to ESD is estimated to be 30% - 70% for MOS and 10% - 15% for 

bipolar devices30. 

A. The Sources of Static Electric Charges 

There are many different ways electrostatic charges can build up. Widely 

known is the rubbing of two materials, like amber and fur, or the stripping off 

of a synthetic sweater. The charging mechanisms in these examples is triboelec-

tricity, which represents the major sources for static charges. Two other common 

mechanisms are charge induction and spray charging30. 

Triboelectricity is very common in the industry, since charging occurs not 

only on solid surfaces but also in liquids and gases. Discharges can occur wherever 

charges are separated or when bodies of different potentials touch each other. These 



situations are present throughout wafer fabrication, distribution and assembly. Po

tential ESD sources masquerading as work surfaces, packaging materials, handling 

operations and cleaning areas unfortunately accompany the wafers closely, but even 

test and repair stations can be perilous ground for electronic components. The 

foremost source of ESD is, however, personnel30. Just by walking across a room, 

one can generate static voltages of 10 kV - 35 kV if the relative humidity of the 

air is low18. Diffusion furnaces are less harmless than they appear since ionic gases 

flow across the wafers. Vapor degreasers also are known to charge up the wafers. 

Dry etching and other plasma steps may endanger sensitive areas of a chip even 

before the devices are finished. Also, spinning or developing of photoresist, where 

the nozzle spraying the resist or the developer generates charges, may have the same 

effect. More subtle are vacuum packaging or drying with nitrogen, both processes 

are known for occasionally creating problems. After manufacturing, the moving and 

shipping of devices or boards creates problems if the packaging material does not 

dissipate the charges. The same is valid for handling machines, which move wafers 

from the storage box to the process equipment and back. 

Another example where charges are separated and cause problems are tape 

packages. The tape that seals the shipping package is removed automatically when 

mounting the ICs. This tear off operation separates charges, which may destroy 

the devices if proper grounding does not control the discharge. These examples 

show how widespread ESD is and the importance of finding more efficient means to 

control this problem. 
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There are two basic approaches to combat ESD. One is to try to prevent 

static build up in all areas that possibly may come close to or in contact with a 

wafer or product chip. This technique is used to varying degrees throughout the 

entire electronics industry. A multitude of products from a large support industry 

is available. The other approach is to try to build devices and circuits that axe 

not susceptible to typical ESD events. This is attempted with specially dedicated 

on-chip structures. Unfortunately both methods have shortcomings. 

Internal Protection of a Chip 

Protection networks are integrated at the input and output pins of most 

modern ICs. An ideal protection network would consist of a switch at every pad, 

which is normally open but shorts the energy of an ESD event immediately to ground 

when an overvoltage is applied to the pin, thereby protecting the input gates of the 

chip. However, there are several problems with real protection circuits. With the 

help of Fig. 1, which shows the schematic of a typical input protection network3'10, 

some of the problems can be shown. For a detailed description of operation, please 

refer to section 3.3 F. 

Typically 1/xJ of energy is sufficient to burn out a silicon junction29. Also, 

the size of these additional elements is restricted on a VLSI chip due to limitations 

on overall chip size, while for a protection network to be effective, laxge elements axe 

necessary. Furthermore ESD events axe extremely high speed events, such that even 

a good network may not be fast enough for an effective protection. Another problem 

with these networks is the associated signal delay through the added resistances 

and capacitances; the speed of operation should not be degraded by a protection 
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Fig. 1 A typical 011 chip input protection scheme for NMOS technology. 

network. The problem of protecting a very thin gate oxide device may even require 

new ground rules and design concepts for the ground and power bus3. These and 

other limitations of the internal protection networks make additional external ESD 

prevention mandatory. 

External ESD Prevention 

The external protection of electronic components and assemblies from 

EOS/ESD has two aspects. For production, transport, and assembly, the build 

up of electrostatic charge has to be prevented, whereas for the finished product, 

shielding from electrical and magnetic fields is important. The prevention of static 

build up is a major problem, because the chain of protection extends from design 

through assembly, production, inspection, testing, packaging and shipping all the 

way to reception by the customer and to service. This chain needs to be inter

rupted only at one place to make the ESD protection program fail. A successful 



ESD control program must be a continuous process to keep pace with the increas

ing sensitivity of new IC technologies. Materials directly involved are shields for 

enclosures and packaging materials such as bags and wraps. Products such as con

ductive benchtops, dissipative flooring, air ionizers and humidity control systems 

try to keep the environment free of static, while wriststraps and special garments 

control the body charge of the personnel. The U.S. market for all these products 

has been estimated to be between $300 and $500 million annually in 1988 with a 

forecasted increase of 28% for 198932 and 18% - 20% annually for the following 

five years43. All these products have to be accompanied by strong training and 

awareness programs, because it always involves the discipline of the worker to use 

the protection equipment properly. This is the major shortcoming of this approach. 

Both internal and external ESD protection approaches have to be used. The 

internal protection has several advantages over the external methods. It does not 

rely on continuous careful handling, which is expensive to implement. On the other 

hand, there is no internal protection structure available for the common levels of 

electrostatic discharges. Both approaches have to be used in conjunction to achieve 

maximum effectiveness. 

C. ESD Simulation and Testing of Electronic Components 

The ESD testing of electronic parts is included in every standard quality 

control program. These procedures also belong to the set of tests performed on all 

new products for qualification. In this section the different models, types of testing, 

and typical failure modes related to ESD will be presented. 
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Modeling the ESD Event 

ESD testing is performed by exposing a part to a simulated electrostatic 

discharge. The discharges are generated by a tester according to a standardized ESD 

model. The Human Body Model (HBM) has in the past been the most common 

because personnel were regarded as the prime source for electrostatic charges. The 

ESD simulation circuit for the HBM is shown in Fig. 2. A capacitor of 100 pF 

is charged by a high voltage power supply. The discharge occurs through a non-

inductive resistor of 150012 in series with the DUT. The specification of this model 

can be found in DOD-STD-883C25. 

All ESD sensitivity testing for classification is currently done with the HBM, 

but other more stringent ESD models gain on importance: the charged device 

model (CDM) and the machine model (MM) try to simulate the ESD events of 

automatic handling machines. In the CDM, a part is charged to the desired voltage 

and then instantaneously grounded, while in the MM a capacitor is discharged 

through the DUT. Since there are no standards established yet for these models, 

the differences are not clear. Characteristics for these models, compared to the 

HBM, are waveforms with a much faster rise time and a higher, but shorter, current 

stress. This; is due to the lower impedance of the discharge path. The parasitic series 

impedances R and L of these ESD simulators approach zero. In Fig. 3, one possible 

setup for CDM testing37 is displayed. The transmission line is charged with a high 

voltage power supply and then discharged directly through the DUT. The concept 

is similar to the charged capacitor in the HBM but the waveform of the pulse is 

much simpler. These brief high current events can be controlled with the length of 

the transmission line (coaxial cable). 
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1MB 1500 n 
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Fig. 2 Standard ESD test circuit for the simulation of HBM electrostatic 
discharges and a typical HBM discharge wave form. 

Another possible way for CDM testing is to suspend the part on an insulating 

material like a wooden stick, slowly charge it to the desired voltage, and bring it 

into contact with a grounded plate or pin.38 

Types of Testing and ESD Classification 

Almost all of the ESD testing is currently step stressing. An initially small, 

but increasing, discharge voltage is applied to one or several pin combinations of an 

IC. The goal is to use the combination of pins of the most sensitive path. Between 

each stress event, the component is tested for proper functioning. This procedure 
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Fig. 3 A possible realization of a circuit for the simulation of CDM discharge 

is repeated until the part is unable to meet the electrical parameter limits of the 

part specification. Typical parameters for this test axe the power supply current, 

a timing condition, an input sensitivity, or an offset voltage depending on the task 

of the IC. The highest ESD voltage the part passed without failing is called the 

sensitive voltage. Additionally, the standard for classification of the part requires 

verification tests one step below the sensitive voltage25. 

A very important type of testing is for latent failures. Unfortunately, it is not 

known how to perform such tests accurately. Often the part is repeatedly stressed 

at a constant level below its known sensitivity (eg. 25% below36). This is a form of 

accelerated test to give some data on the expected lifetime of the part. Combined 

with this test is the observation of some sensitive device parameters such as leakage 

currents or h/e in the case of bipolar technology. An evaluation based upon detailed 

analysis of parts that failed in the field or during testing is favored. 

pulses. 
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Other types of testing include spark testing36 with a discharge gun or the 

continuous wave electromagnetic interference testing (CW - EMI) where the sensi

tivity of electronic devices or systems to magnetic fields is determined. Assembly 

and equipment stressing are seldom performed because of prohibitively high costs. 

After all, ESD testing is destructive testing. 

Types of ESD Failures 

ESD can cause upset failures through EMI. However, latent failures reducing 

chip lifetime and hard failures are of the most interest. Typical failure mechanisms 

include thermal breakdown, metallization melt, and dielectric breakdown. 

Junction breakdown is the major cause of failure in both, bipolar devices 

and protection diodes in MOS technologies. Due to uneven current distribution in 

the junction during reverse breakdown, hot spots form, leading to shorts due to 

junction melting. The Wunsch-Bell41 model can predict these failure thresholds, 

by using thermal equations along with the electrical equations for semiconductors. 

Recent simulations with this model predict an improvement of the failure thresholds 

for some graded junction techniques21, while for III - V materials such as GaAs, 

increased sensitivities are expected29 

ESD can also cause failure of the metal interconnections. The JPR losses in 

the narrow lines can cause sufficient heating to melt the metal lines. Particularly 

sensitive are areas of reduced cross-sections at oxide steps. Excessive heating at 

contacts may lead to junction shorts due to the diffusion of the aluminum into the 

silicon (spiking). Metallization melting, however, requires much larger power levels 

than junction damage and is therefore often a secondary failure caused by an ESD 

induced junction failure or latch up. 
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The mechanism leading to dielectric breakdown of the insulator layer has 

received much attention. Dielectric breakdown of gate oxides is the major cause 

of ESD failures in MOS structures. The dielectric strength, measured in MV/cm, 

decreases with increasing temperature and increasing thickness23. For very thin ox

ides, however, the breakdown mechanisms are not well described and depend largely 

on the processing technology. The physical mechanisms leading to time dependent 

dielectric breakdown (TDDB) are still controversial. One recent study investigates 

the E - field dependence of the breakdown and postulates different breakdown mech

anism for medium and accelerated E - field stresses39. The degradation behavior 

of thin oxides when stressed with very fast pulses slightly lower than the intrinsic 

dielectric strength, is also unknown. 

D. Conventional Methods to Measure Static Electricity 

The detection and measurement of electrostatic charges is difficult and not 

very elaborate compared to the simulation of ESD. The reason is the lack of ap

propriate measurement equipment. Common types of electrostatic detectors are 

electrometer amplifiers, electrostatic field- and volt-meters, and leaf deflection elec

troscopes. Of these, the only detectors used commercially are static meters with 

field probes to provide information on the electrostatic field strength or the electro

static voltage55. These readings are often very difficult to interpret because they 

depend strongly on the distance of the probe from the charged body and other en

vironmental variables. Other limitations of these meters include their slow response 

time, (making them incapable of measuring discharge pulses), the limited range of 

sensitive voltages, and the high minimum voltage level that can be measured. These 

meters are typically very bulky and have either large flat or small pin-like probes; 
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both probes alter the actual electrical field pattern around the charge source. Mea

surements of this type axe unlikely to reflect what the chip actually experiences and 

axe therefore subject to misinterpretation. 

The only way to measure discharges is with a high speed storage oscilloscope. 

However, this can only be used in a test environment with simulated ESD events. 

The size and expense of this setup and the electrical probe characteristic make it 

impossible to use the scope for characterizing actual ESD sources. All available 

methods lack the ability to measure the ESD event at the chip level itself and 

therefore always leave room for speculation. However, exactly such data, accurate 

and representative of the actual ESD events as seen by the chip, are required in 

order to localize the problem and devise an appropriate remedy. 

E. Summary of Chapter 1.1 

Electrostatic discharges are a major problem for the electronics industry. A 

strong effort has been made to build ESD-haxd devices employing internal protec

tion structures, and a large variety of static control products axe available to reduce 

charge generation. All these measures have to be accompanied by strong education 

and awareness programs, because it always involves the discipline of the worker to 

use the protection equipment properly. Furthermore, the chain of protection needs 

to be interrupted only at one place to make the program fail. Another problem is to 

select an appropriate amount of protection at the right places. Trying to use every 

available product at every point is not economical. Unfortunately, there is no reli

able way to detect and quantify electrostatic discharges directly and measurements 

of the event can only be obtained in simulated test environments. Knowing exactly 

where static discharges occur and which of the numerous measures are effective is 
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vital for an efficient ESD prevention program. The detector presented in this thesis 

will provide such information. 

P.." 

if 
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1.2 Description of the Integrated ESD Detector 

The lack of appropriate detectors for electrostatic discharge events and the 

impact of ESD on product ICs has been described in Section 1.1. A capable detector 

needs to simulate the product chip as closely as possible in order to yield meaningful 

data. This can best be achieved by building the entire detector circuit on a chip. 

The detector is then identical in geometrical size, built of the same materials, has 

similar electrical input characteristics and uses the same manufacturing process 

as the product chip. A detector closely resembling the product is the best way 

to determine the behavior of a process or handling step with respect to its ESD 

characteristics. 

The application of such a detector is almost unlimited. Test wafers with 

the detector integrated can be used to characterize every single process step in a 

chip fabrication line. All the equipment in touch with the wafer such as photoresist 

spinners, wafer cleaners, automated handling machines and wafer testers can be 

examined and qualified for ESD-safe operation. The detector can, in appropriate 

processes, be integrated into the regular kerf test structures and provide information 

about possible ESD problems much faster than the yield statistics or post process 

quality analysis. In the same fashion the detector can be integrated on the actual 

product chip to give on-line information about discharge events. Another applica

tion would be in research where this detector can help in the development of better 

ESD protection networks by supplying reliable information about the propagation 

of surges within the input structures at levels far below the occurence of visible 

defects or identifiable parameter shifts. 

The same detection chip can be used in packaged form as a dedicated ESD 

monitor. Again, tests performed with this device can qualify and monitor assembly 
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lines, handling procedures and shipping materials. The uses of the detector axe of 

course not limited to the ones mentioned here. In short, the detector can be used 

to obtain quantitative data on fast electric pulses. 

In the following sections the basic structure and the operation of the detector 

axe explained. The main results of the previous work1 are summarized and the 

specific goals of this project are stated. 

A. Operation of the Tunneling Floating-Gate Transistor 

The floating-gate transistor was first proposed by Kahng and Sze in 19675'17 

and is now used as an electrically erasable programmable read only memory (EEP-

ROM). This type of device was selected for the implementation of the ESD detector. 

The structure consists of an MOS transistor with a floating gate and a control elec

trode. In Fig. 4 a typical structure of a floating gate nonvolatile memory cell is 

given, while in Fig. 5, the band diagrams for different biases of the controlling 

electrode or gate axe shown. 

If a positive bias or write voltage VG is applied to the gate, an electric field 

is established in the two insulators. The strong electric field will cause electrons 

to tunnel from the silicon through insulator 2 to the polysilicon gate (Fig. 5b). 

The current in insulator 1 is often neglected. These electrons remain stored on the 

floating gate even after the bias of the control gate is removed (Fig. 5c). These 

additional electrons act as if a permanent negative voltage is applied to the MOS 

transistor. The drain-source current of the device after the pulse is therefore smaller 

than the drain-source current before the write pulse, for constant drain-source volt

age. This shift in the drain-source current can also be interpreted as a change in the 

threshold voltage of the transistor. The programming mechanism works the same 
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Fig. 4 Structure of a floating-gate transistor used for nonvolatile memory 
cells. 

way in the reverse direction (erasing) if the voltage applied to the gate is negative 

with respect to the source (Fig. 5d). This characteristic of the device is used to 

obtain information about the ESD pulse. It should be noted that this operation 

differs from those floating gate transistors (EEPROMs) using electrons generated 

by avalanche injection from the drain junction for the writing mechanism. 

Using the threshold voltage Vj of this device as the measure of the ESD 

magnitude has several important advantages. Since the Vt of an MOS transistor is 

a sensitive parameter, it is possible to detect small changes in the amount of charge 

stored on the floating gate. Furthermore, the threshold voltage can be determined 

easily from transconductance measurements of the transistor if a proper layout is 

implemented. 

r 
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Fig. 5 Energy-band diagram of a floating-gate structure during (a) initial 
flatband state, (b) applied positive bias (writing mode), (c) charge 
storage on the floating-gate, and (d) negative applied bias (erasing 
mode). 

B. Operation of the Tunneling EEPROM Cell as an ESD Detector 

The structure of the integrated ESD detector shown in Fig. 6 is similar to 

the basic EEPROM cell. In a digital memory application, the shift of the threshold 

voltage is made large by using a sufficiently long write pulse to provide a large noise 

margin between the two discrete digital states. The same device, however, can be 

used as an analog memory, either by changes of the geometry in the device or by 
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an altered write pulse. In this work both of these changes were made. It has been 

demonstrated that even commercial EEPROMs can be used as analog memories50, 

where the peak write voltage is used as the parameter that determines the amount 

of stored charge on the floating gate. 

In a typical EEPROM the write pulse width is in the range of 0.1 ms - 10 ms 

and the write voltage is around 20 V. On the other hand, a typical human body 

model (HBM) ESD pulse is much shorter, but higher in peak voltage. According 

to MIL-STD-883C25 the rise time Tri- of the ESD pulse shown in Fig. 2 must be 

less than 10 ns and the decay time T<H shall be in the range of 150 ns ± 20 ns. 

The peak voltage Vp of electrostatic discharge pulses encountered in production 

and assembly environments ranges between approximately 50 V and about 10 kV. 

These ESD pulses are used in this test cell as the write pulses and the step of 

exposing the sense electrode to an ESD pulse is called the read-in of the ESD pulse. 

The operation of the device remains identical with regular write pulses, but the 

geometrical parameters of the standard cell change. 

The unknown pulse is applied to the sense electrode (1) as the bias is applied 

to the gate of the memory cell in Fig. 6. The polysilicon floating gate, FG, forms 

a capacitive voltage divider and stores the transferred charge. The sense electrode 

(1), the thick oxide (2) and the part of the FG over the field oxide (3) form the 

capacitance C\, whereas the lower part of the FG (4), the thin gate oxide (5) and 

the p - type substrate (7) between drain (6) and source (8) form C2. This capacitive 

divider Ci - C2 scales the ESD voltage down to a non-destructive level for the thin 

gate oxide, but large enough to cause a charge transfer between the FG and the 

substrate via electron tunneling. The tunneling current through this thin oxide 

is solely controlled by the ESD pulse and so is the resulting amount of electrons 
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Fig. 6 Schematic cross-section of the structure used for the ESD detector. 

on the floating gate. This stored charge Q/g  causes a shift in the drain-source 

current, and by measuring the I - V characteristic of the transistor before and after 

the ESD exposure, the magnitude and polarity of the previously applied pulse can 

be determined. For this work, a depletion-mode transistor with a negative virgin 

threshold voltage, Vro < 0 is selected. This enables a symmetric relationship for 

positive and negative ESD pulses. 

The process of applying the unknown electric pulse to the sense electrode 

and the storing of the charge on the FG shall be referred to as the read-in or write 

operation, while the measuring of the I<fa curves for determining the charge on the 

floating gate is called the read-out or read operation. This read-out occurs at some 

arbitrary time after the pulse and can be performed with any standard equipment 

used for transistor characterization, such as a curve tracer, a semiconductor pa

rameter analyzer, or even a simple setup with a voltage source and a multimeter. 

pr-r~ 
t .  



Instead of an explicit read-out, the detector can also be part of an amplifier circuit, 

whereby the change in threshold is transformed into a change of an output poten

tial or a change in the transfer characteristic of the amplifier. This signal can be 

processed further, such that the detector becomes only a small part of an elaborate 

test and measurement system. 

C. Results of the First Generation Devices 

A first generation of the described devices were designed by Paul Hsueh and 

fabricated at the former microelectronic laboratory at the University of Arizona1. 

A set of these devices were packaged and characterized by measuring the Ij3 - Vda 

relationship before and after the ESD exposure. The ESD pulses were generated by 

a human body model simulator40. In Fig. 7 the ratio of the final to the initial drain 

current at a constant drain voltage is plotted for several different ESD pulse magni

tudes. Measurement results show a change in the I - V characteristic proportional 

to the discharge magnitude in the range of about - 500 V to - 4000 V. A similar 

response of the devices was observed for positive polarity of the pulses. However, 

pulse magnitudes below 500 V did not lead to a measurable change in the drain 

current. The error bars in Fig. 7 show variations up to 40% in the characteristic 

response of the device. This is probably due to the limited process control in the 

old laboratory, leading to varying gate oxide thickness. Moreover, the I - V char

acteristics show a strong short channel effect, which hampers the accuracy of the 

measurements further. Nevertheless, these results are evidence that this structure, 

integrated on a silicon chip, can be used for measuring ESD pulses. 
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Fig. 7 Detector current ratio versus ESD magnitude. The current ratio is 
defined as IDS before the ESD pulse / IDS after the pulse. (After 

D. The New Generation Devices 

To achieve the goal of developing a detector capable of providing quantitative 

data on ESD, a second generation of devices is necessary. These devices use the same 

principal structure but incorporate the knowledge gained and several improvements 

in order to use this method for an accurate and reliable detector. 

One major problem was the uniformity and reproducibility of the results. 

Reproducibility can be attained by a redesign of the process to accomodate stan

dard, well characterized process steps for the manufacturing of the chip. Processing 

in a commercial fabrication line will further enhance the uniformity of the results. 

Hsueh1.) 



The second major issue is the range of operation of this detector. Some 

commercial devices are destroyed at voltages much lower than 500 V. The detector 

has to sense all ranges of voltages that endanger ICs. One goal of this design is 

to detect pulse magnitudes as low as 50 V. Nevertheless, higher voltages are of 

interest too, mainly for the charged device model testing, where very fast rise times 

and high peak magnitudes are recorded. This is particularly important for the 

testing of automated handling machines. To build detectors for all these desired 

ranges of sensitivity an accurate design methodology has to be developed, requiring 

the detailed understanding of the operation of the device. 

Another problem is the testing and the ease of use of the detector. For a 

successful detector, the read-out of the measured ESD pulse magnitude must be 

easy and several examples of applications must be demonstrated. Additionally, the 

mechanisms of operation have to be verified and detailed testing of the device itself 

is mandatory for a proper characterization of the detectors. 

The design of the new chip addresses all the mentioned issues. To solve 

the uniformity problem, a new process was developed in cooperation with AT&T 

Microelectronics, where the chip was manufactured. To understand the operation of 

the device better, a set of descriptive equations for a model of the device was found. 

The numerical results of the simulation of this nonlinear model gave the basis for 

an advanced design methodology for the detector. The layout incorporates several 

experiments to verify the predicted operation and show the applicability of this new 

method to detect ESD. Among the experiments is an application of the detector 

for determining the effectiveness of protection networks and a demonstration of a 

simple digital read out of the pulse magnitude. 
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E. Summary of Chapter 1.2 

The application of such a detector is as wide as the ESD problem itself. 

Integration of the detector on a silicon chip has several distinct advantages over any 

other setup to measure static discharge pulses. Identical geometry of this detector 

and product chips allows the use of the detector in every step along a chip's life, 

from production and assembly to application. An MOS structure for this detector 

has two advantages: the electrical input characteristic is essentially identical to a 

product chip, and the process needed to fabricate the detector is also very similar 

to any standard MOS process. 

The structure of the detector is an adaption of the tunneling EEPROM 

device. The memorizing character of this structure is used to store the information 

about the discharge pulse in an analog fashion. Read-in of the pulse characteristic 

occurs when, as in the coupon principle12, the detector chip is exposed to the 

suspected electrical discharge event, while the read-out and the actual determination 

of the pulse magnitude is performed by a regular transistor characterization. In a 

first experiment the concept appeared promising. This work greatly enhances and 

verifies the employed measurement effect by the use of successful device simulation 

results and a new manufacturing process. 
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2. ANALYSIS AND SIMULATION OF THE DETECTOR 

This chapter presents the quantitative analysis of the ESD detector. The 

operating mechanisms and design criteria of the closely related EEPROM device 

are well established5. Nevertheless there are sufficient differences in the mode of 

operation of the detector compared to the memory cell that an analysis is required. 

This analysis shall give quantitative insight into the behavior of the ESD detector. 

Prediction of the ESD sensitivity (the relationship between the magnitude of the 

threshold voltage shift and the magnitude of the ESD pulse) as a function of the 

design parameters will be developed. With an estimate of this sensitivity function, 

a methodology can be established that will allow the detector to be designed for a 

specific range of ESD magnitudes. Furthermore, experiments that test the applica

bility of this device can be designed once the basic equations are known, increasing 

the probability of success of the experiment. 

The analysis of the device is divided into two main parts. The first part is 

concerned with the read-in function and the corresponding part of the device (the 

capacitive divider with the floating gate), while the second part of the analysis deals 

with the read-out of the detector and the characterization of the MOS-transistor. 

The structure of the chapter reflects the actual progress in the analysis. 

While the read-out of the transistor is well known, the major problem at the begin

ning of the project was the lack of a formulation of the events taking place during the 

ESD pulse. In an attempt to include effects that previously have been neglected, 

extensive device simulations were performed. These simulations are described in 

chapter 2.1. The device simulation showed that the models included in that sim

ulator (PISCES) Eire not sufficiently accurate for the description of the read-in. 

However, with the exact knowledge of the problem it was possible to construct a 



new functional model incorporating the necessary physical mechanisms. This model 

for the read-in is presented in chapter 2.2 B, while in section 2.3 the read-out of the 

device is described. The numerical simulations of this model in section 2.4 lead to 

the design methodology used for the new chip. 

2.1 Device Simulation of the Read-in Behavior 

This section looks at the results and limitations of the device simulations. 

The need for a more elaborate analysis is already seen in the discrepancy of the 

results of the previous model1 and the measured data. Moreover, exact knowledge 

about the influence of the design parameters on the sensitivity is required for the 

new design of the detector. For example, it is obvious that the ratio of the capacitive 

divider is a major design parameter; however, the relationship of this ratio and the 

sensitivity has not been formulated. Also the quantitative influence of parameters 

such as the gate area, the gate oxide thickness or the substrate doping density is 

not known. All the parameters mentioned are mainly related to the read-in. These 

parameters finally determine the amount of charge stored on the floating gate and 

the corresponding shift in the threshold voltage, while other parameters such as 

the gate length-to-width ratio of the transistor axe only of interest for the read-out. 

This part of the analysis is therefore only concerned with those parts and functions 

of the device that are affected by events during the ESD pulse. 

The problem of formulating the relationship between the ESD magnitude 

and the threshold shift as a function of the layout and process parameters is suffi

ciently complex that a first order analytical analysis is virtually impossible. A very 

attractive way to gain information about such semiconductor devices is numerical 

simulation. Simulation programs discretize the device into a grid and apply the basic 



semiconductor equations, which typically are integrated over a small box enclosing 

one grid point. The resulting set of coupled nonlinear equations are solved with 

iterative techniques. Such simulation programs can incorporate models for second 

order effects such as concentration- or field-dependent mobility. Several software 

packages are available for this purpose. Among the best known are MINIMOS44, 

BAMBI45 and PISCES46. MINIMOS is a popular simulator for MOS devices. It 

does however, not allow for a floating gate structure. BAMBI, written by the Tech

nical University of Vienna, is a more general simulator used for MOS and bipolar 

devices, but restrictions in the geometry definition prevent the formulation of a 

floating gate as well. PISCES-II, on the other hand, is able to analyze arbitrary 

geometries and a floating gate can be described, although certain restrictions ap

ply. This simulator was used for part of the analysis of the read-in behavior of the 

device. These simulations are presented in section B of this chapter. The same 

simulator was used for the characterization of the read-out behavior of the transis

tor. Those results are found in chapter 2.3. For the design of the manufacturing 

process PISCES-II was used once more in chapter 3.2 to determine the transistor 

parameters as a function of the process specifications. The next section describes 

the program PISCES-II in some detail. 

A. The Simulation Tool PISCES-II-B46 

This section describes some general aspects of PISCES-II-B. PISCES-II-B is 

a two-dimensional, two-carrier semiconductor device modeling program, which can 

simulate the electrical behavior of devices under either steady-state or transient 

conditions. The program, developed by Stanford University, can analyze physical 

structures with completely arbitrary geometries and general doping profiles. A wide 

variety of materials and physical models are incorporated. The simulator supports 
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non-uniform triangular grids, which are specified through input cards. For the 

simulation of the electrical behavior of semiconductor devices PISCES-II-B assumes 

the Poisson and current continuity equation for both carriers: 

6VV = -q(p  -  n + N+-NZ ) - P F  (2 - 1) 

<tt = lv-Jn-Un (2-2) 

! = -i v . j r - v ,  (2-3) 

PISCES-II solves these three partial differential equations self-consistently for the 

electric potential V>, and the electron and hole concentrations, n and p respectively. 

The current densities J„ and Jp are: 

Jn = -q(innV<j>n (2 - 4) 

Jp = ~WpPV<t>P (2 - 5) 

or when written as function of ?/>, n and p: 

Jn -  qPnEnTi + qD„Vn (2 - 6) 

Jp  = qfipEpP + qDpVp (2 - 7) 

Un and Up represent the" net recombination; in PISCES-II-B Shockley-Read-Hall 

and/or Auger recombination can be selected. For the carrier statistics, PISCES-

II-B implements a form of Fermi-Dirac statistics by introducing degeneracy factors 

to the Boltzmann statistics. For the mobility, several models are available ranging 

from constant mobility to empirical formulas considering impurity- and surface-

scattering. 
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To describe a device for PISCES-II-B, a grid is necessary. The correct grid 

allocation is a crucial issue in device simulations; the larger the number of nodes, 

the longer the simulation time (the CPU time is proportional to N7, where 7 « 1.5 

to 2 and N is the number of nodes), while too few nodes hamper the accuracy of the 

result. A first rectangular grid can be generated using the input cards of PISCES-

II-B, while further irregular grids can be refined with the regrid card, considering 

a previous solution. With the input cards x.mesh and y.mesh the nodes of the 

rectangular grid can be defined. The following region card defines the different 

regions of the device, ie. silicon, oxide etc. The last input card finally defines the 

electrodes. Also, the doping of the silicon regions is defined either by an analytical 

description (gaussian profiles) or by a discrete input listing of doping concentration 

versus location. Extensive work with the simulator has shown that the nature of the 

definition of the regions is important for consistent solutions, in particular for the 

complex structure of the floating gate. Some syntactically correct formulations of 

the different regions and electrodes have either produced errors during the iterative 

solution process or did not converge. Once the grid is set up the simulation can 

begin. First some switches to select the physical models and the numerical solution 

methods can be set. Next is the definition of the physical parameters of the contacts, 

such as the material parameters or the associated resistivity. Finally, the actual 

simulation can begin. First an initial solution is required, typically with zero bias 

at all electrodes. For steady-state conditions the desired bias is specified and the 

next solution performed, while for transient solutions a ramp is specified, giving the 

ramp time and end voltage and the step time if constant stepping is preferred. 

Experience with PISCES-II-B has shown that the steps have to be quite 

small for proper convergence. This is valid for transient as well as steady-state 
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solutions. The major shortcoming of PISCES-II-B for the simulation of the read-in 

of this device is that it does not support electron tunneling as a carrier transport 

mechanism. 

PISCES version II-B Release 1.1 (December 2nd, 1987) is installed at this 

University on a SUN 3/60 workstation and was running under the UNIX based 

operating system SunOS 3.4 and now under SunOS Release 4.0. 

B. The Capacitive Divider 
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Fig. 8 The structure of the capacitive divider, simplified for the simulation 
(a) and a first order equivalent circuit (b). 

The structure in Fig. 8a is called the capacitive divider and consists of the 

two capacitors Ci and C2. The capacitor C\ is formed by the metal sense electrode, 

the polysilicon floating gate and the deposited P-glass as its dielectric. The capacitor 

C2 is formed by the polysilicon gate, the silicon substrate, and the thermally grown 

thin gate oxide. The primary task of this divider is to reduce the ESD voltage 
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such that the thin oxide is not damaged by the high ESD voltages. At the same 

time the ratio of the divider determines the charge transfer between the substrate 

and the floating gate. These two tasks determine the design of the divider. From 

the characteristic of the dielectric breakdown a condition for the minimal oxide 

thickness can be derived. On the other hand, a thin oxide is desired to maximize 

the threshold shift by a large charge transfer. To find an optimal thickness for these 

two conditions the voltage traces at the oxides have to be known. 

From the circuit in Fig. 8b the voltage Vi at the floating gate as a function 

of the ESD voltage V# and the geometry of the structure is defined: 

where e is the permittivity of the P-glass and the thermal oxide, A the area of the 

poly-gate over the thermal oxide and the metal sense electrode and D the thickness 

of the P-glass and the thermal oxide for C\ and C2, respectively. For exact device 

dimensions see Table 3 and Fig. 27. 

The relationship for V2, however, is more complex than Eqs. (2 — 8) through 

(2 — 11) predict. The capacitances are assumed to be ideal and the charge transfer 

through the gate dielectric is neglected. These nonlinear effects are difficult to 

combine with the simple model, and even though these equations do describe the 

( 2 - 8 )  

(2 -9)  

The capacitors Ci and C2 are in the ideal case: 

(2 -10 )  

r 
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first order dependence of V2, they are insufficient to describe the operation of the 

device. 

The purpose of the following simulation was to find more accurate traces for 

%(£) during and after the application of an ESD pulse VEAD(t). Using a simulator 

like PISCES should give much improved results, since the representation of the 

device is much more elaborate. The grid in Fig. 9 describes the physical structure 

for the simulation. This grid is slightly simplified compared with the cross-section 

in Fig. 6 to gain an easier description for PISCES (formulation of the electrode 

locations and the doping profile). The grid was defined using the input cards of 

PISCES. Detailed inputs for PISCES can be found in Appendix A. 

A typical result of these simulations is depicted in Fig. 10. The input 

voltage Vi in Fig. 10a approximates the standard HBM discharge pulse and V3 is 

the voltage at the center of the floating gate. The typical rise and fall times for 

the ESD pulses Eire according to the MIL-STD 88325 , while in this example the 

peak magnitude is 80 V. The solution for the terminal currents and voltages for 

this example took 11230 seconds (3.1 hours) of CPU time. These traces resemble 

the ideal results from Eqs. (2 — 8) through (2 — 9) very closely and therefore contain 

no new information. The fact that V2 stays constant when VE is at the maximum 

(15 ns <t < 20 ns) proves, however, that the tunneling current, which is expected 

to decrease the voltage Vi during that time is not being simulated. For this reason 

Vi returns to zero at the end of the pulse, instead of showing an offset corresponding 

to the simulated ESD event. Simulations for this and similar device geometries have 

been carried out, varying the rise time of VE from 1 ns up to 150 ns and the peak 

magnitude up to 1000 V and both polarities. Although different grid descriptions 
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Fig. 9 Example of the grid structure of the capacitive divider used for the 
PISCES simulation. 
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have resulted in slightly modified pulse shapes, the results exhibit little more than 

Eqs. (2 — 8) through (2 — 10) exhibit. 

The final proof that PISCES is not able to simulate this structure, the result 

from a simulation of the same structure with an input pulse typical for a write 

pulse in EEPROM's, is shown in Appendix A. Again, no change of the threshold 

was exhibited by the PISCES simulation. The inability to simulate a tunneling 

current with PISCES excludes this simulator as well, and other means of describing 

the operation of this device have to be found. It is still possible to simulate the read

out of the device with PISCES, since only a regular MOS transistor is involved. This 

is used for the verification of the electrical parameters resulting from the process in 

Section 3.2. 
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Fig. 10 Results of the PISCES transient simulation of an ESD pulse with a rise 
time of 15 ns and 80 V" peak magnitude, (a) specified input voltage 
applied to the top gate; (b) current flowing into the top electrode as 
response to the pulse; (c) voltage on the floating gate. 
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2.2 Functional Modeling of the Read-in Behavior 

This part of the analysis is again concerned with the ESD sensitivity of the 

detector. As presented in section 2.1, a simulator as elaborate as PISCES was not 

able to simulate the device under an ESD pulse. Still, there must be a model of 

this device that describes the threshold-voltage shift quantitatively. 

Such a model is developed in this section. An equivalent circuit of the floating 

gate transistor is assumed. This circuit describes the parts of the detector involved 

during the exposure of the detector to the ESD event. The first order differential 

equation resulting from this circuit model describes a nonlinear system. The validity 

and accuracy of this model is discussed and some projections of the expected results 

are made. 

The task of this new model is to describe the expected charge transfer to 

and from the floating gate adequately. It should be clear that the relationship 

between the magnitude of the ESD pulse and the amount of stored charge is the 

most important parameter of the device. Exact prediction of the resulting floating 

gate voltage V2 is vital for the design of a specific desired range of ESD sensitivity. 

The model gives the charge state of the floating gate and the related shift in the 

threshold voltage as a function of the ESD pulse magnitude. The parameters of this 

model are the geometrical and electrical properties of the structure. The geometrical 

structure of the device is assumed as in Fig. 11. The parameters are the thicknesses 

D\ and of the two insulators, the areas A\ and Ai of the polysilicon above the 

channel region, and the metal overlap over the polysilicon, respectively. 
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Fig. 11 Schematic vertical structure (a) and horizontal layout (b) with all 
geometry parameters of the ESD detector cell for the circuit model. 
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These geometrical parameters determine the two capacitances according to 

Eq. (2-10). For the electrical parameters, the permittivities and e2 and the 

leakage current characteristic of the insulators determine the capacitance and the 

read-in characteristic of this device. 

A. Tunneling in Thin Oxides 

The DC leakage current observed when a large potential difference is applied 

to a thin insulating layer can be explained by quantum-mechanical tunneling. De

pending on the thickness, structure, and material of the thin insulator, different 

approximations describe the leakage current density J as a function of the applied 

bias7. In gate insulators consisting of Si3N4, the Poole-Frenkel conduction equa

tion J = KaEexp(KbE1/2) applies52. For very thin silicon oxides (D < 50 A) 
direct tunneling through the potential barrier is observed. For somewhat thicker 

SiC>2 insulators the current characteristic is often approximated by the so called 

Fowler-Nordheim equation. The charge transfer mechanism is typically described 

as a combination of direct tunneling of carriers from the semiconductor to some trap 

states in the oxide and a hopping conduction mechanism from these trap states to 

the other electrode. 

The paper by Fowler and Nordheim51 described the electron emission in 

intense electric fields from a metal surface. The original notation of the equation is: 

r  6  ^ 1 / 2  p2 / 4/3/C^3/2 . 
2n(t + n)?/2 P( 3 F )  (  }  

where k2 = 87T2m h2, £ is the thermoionic workfunction of the metal and fi is the 

parameter of the electron distribution in the Fermi-Dirac function, equivalent to the 

thermodynamic partial potential of an electron. F is the electric field and I is the 
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Fig. 12 Energy band diagram of the potential step with applied electric field, 
assumed for the Fowler-Nordheim derivation. The dotted line shows 
the ideal step. The dotted line considers the barrier lowering by the 
image force. 

current density. The F-N derivation considers a one dimensional potential energy 

step with a uniform electric field acting on one side of the potential jump as shown 

in Fig. 12. This Fowler-Nordheim equation in a slightly more general form, 

J = KiE2exp(jf) , (2 - 13) 

describes the leakage or tunneling current of thin gate oxides used in modern mem

ory chips and other MOS technologies. Here, the common notations for the electric 

field and the current density, E and J are used, respectively. Since the leakage 

characteristic of SiC>2 is dependent on the pre-gate process, the specific oxide grow

ing conditions, and the postprocessing of the wafers, the parameters K\ and K% are 

calculated from a curve fit to measured data. In this case published data2 were used 

to determine the two constants by a least square fit since no measured data were 

available. Linear curve fitting techniques can be used, if Eq. (2-13) is rewritten for 

r 
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all data points i = 1... n in the form y; = ax{ + 6 by dividing with E2 and taking 

the logarithm: 

log (w)= K2(i}+log(Ki) (2 ~14) 

where X{ = 1/E{ and y{ = log( J i /E2). From the least square fit calculated with the 

pseudoinverse 

C  =  ( X T X ) ~ 1 X T * Y  (2-15) 

with 

XT = 1  1  . . .  1  
«Z»1 a?2 •« • 

YT = Vl V2 • • • Vn 

and C = [(£)], the parameters axe then K\ = exp(b) and K% = a. In Fig. 13 

nine data points2 for positive gate voltages are shown together with two different 

possible approximations with Eq. (2-13), where K\ and Ki are calculated from Eq. 

(2-15). A word of caution concerning the values of K\ and Ki is appropriate. The 

values for these parameters can differ significantly, even though the approximation 

to the data remains similar, depending on the selection of the data points used in 

the curve fit. The details of the calculations are found in Appendix B. 

The assumption of this specific quantitative tunneling characteristic may be 

inaccurate, since no data of the oxide from the actual process are available. Also 

these published2 data seem to fit the F-N characteristic only over a small range 

of bias values. Both shortcomings can be remedied "after the fact," when actual 

measurements of the specific wafer are available, to improve the model accuracy. 

The modeling difficulties do not end here. The oxides of C\ and C2 are 

stressed during each ESD pulse and therefore the leakage characteristic and the de

vice sensitivity may change. This wear-out of the oxide depends on several factors, 

including the integrity of the oxide and the charge trapping at the silicon interface 
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Fig. 13 Tunneling current density in \xAjcm2 of a 100 Asilicon oxide as func

tion of the applied voltage, (x) published data2; (o) least square 
curve fit to all data points n = 1...9 with Ki — 2.1 x 10 ~7 A/V2 

and K2 = —26.5 MV/cm; ( 0 ) comparable curve fit emphasizing 
the higher field points n = 5... 9 with Ki = 3.6 x 10-3 A/V2 and 
Ki = -98.4 MV/cm. 

and in the oxide from the high field F-N current injection. All of these aire influ

enced by the manufacturing process and are, as are all time dependent dielectric 

breakdown processes, difficult to predict. A typical wear-out process may look as 

in Fig. 14. Before the insulator breaks down, electrons or holes are trapped in the 
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Fig. 14 A typical wear-out characteristic of a thin gate oxide under high cur
rent injection from the gate. This is an example of measured data of 
the chip fabricated in this work. (Wafer UofA25, (23/13), CHR2 with 
tox  = 130A, Vg  = 9V.) 

oxide, reducing the number of available states6. The leakage current at a particular 

bias is therefore decreased, which may reduce the sensitivity of the detector. 

The main concern for the functioning of this detector will be the breakdown 

of the oxide. This must be prevented, since of course oxide breakdown is equivalent 

to destruction of the device. At this moment, it is unclear how oxides behave under 

very fast pulses and how strong field intensities can be maintained by the oxide 

for short time periods. This short-term breakdown field is expected to be higher 

than the typical 5 — 7MV/cm given for most commercial oxides56. It is known that 
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thinner oxides support higher E - field strengths; fields up to 13 MV/cm have been 

reported for 100 A thick oxides57. The detector would benefit from new insulator 

materials with higher breakdown field strengths. One goal of the model developed 

here is to predict values for the maximum expected field intensity across the two 

oxides in order to judge the feasibility of the project. 

B. Simple equivalent Circuit Model of the Detector 

The simple model developed here uses the element equation for the capacitor, 

the F-N equation, and the equations resulting from the topology of the device. 

'esd 

'esd 

Q 

i t = f(Ez)  

* < i2 

Q li 

Fig. 15 Simple model of ESD detector used in the simulation. 

The first equation of this model is the current-voltage relationship for the 

ideal gate capacitor C2 
dVi _ 1 • fn 1 o\ 
d t  ~  C i 2  ^  ^  

where ii is the displacement current in the gate dielectric and Vi is the potential 

of the floating gate with respect to the substrate/ground. C-i is the floating-gate 



55 

to substrate capacitance, which is first assumed to be constant, according to Eq. 

(2-10). The description of the model for the simulation allows this condition to be 

removed later on so that second-order effects can be considered. Then the electric 

field in the vertical direction in the gate dielectric is 

E2 = -i  (2-17)  
JJ2 

where D2 is the gate insulator thickness, a design parameter. Prom the F-N Eq. 

(2-13) and Fig. 13 the tunneling current density is 

jt = f(E2) = KtE'exp (H) (2 - 18) 

with Ki = 3.6 x 10-3 A/V2 and K2 = —98 MV/cm. The total tunneling current i t  

is then 

it = UM (2 — 19) 

where A2 is the tunneling area. In this detector A2 = Z2 x L2, where Z2 and L2 

are the channel width and length, respectively. The ESD event is modeled by a 

voltage source VESD simulating the waveform of an ESD pulse. The resulting loop 

gives one mesh equation 

V„I = VI + V2 (2 - 20) 

where V\ is the voltage across the insulator of C\. The floating gate is assumed to 

be equipotential, which yields a node equation 

i-ead = »2 + H (2 — 21) 

equating the sense electrode current ie9({ to the sum of the displacement current and 

the tunneling current in insulator 2. Finally, CI leads to one more element equation 
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There are now 7 equations for the 7 unknowns V2,12,^2,it,Vi» and ie3d. The 

value of the floating gate voltage V2 after an ESD pulse is of most interest, because 

V2 controls the transconductance of the transistor, which is measured during read

out  (sect ion 2 .3) .  The parameters  of  th is  model  are  for  the  geometry  D\ ,  Z i ,  Li ,  

D2, Z2, and £2, for the dielectrics ej and 62, and for the tunneling characteristic 

K\ and K?. Of these parameters only the geometry can be chosen, because the 

others depend on the material used for the device and on the manufacturing process 

technology. 

Unfortunately, Eqs. (2-16) through (2-22) contain a structural singularity. 

The singularity in this case is due to the two capacitances which are connected 

in series, reducing the order of the system. The device as viewed by this model 

is therefore only of first order, while the equations suggest second order. The 

mathematical description of this circuit must be modified in order to simulate the 

model. Starting with solving Eq. (2-22) for itad Eq. (2-21) is now 

h  = Ci^-- i t .  (2-23)  

Substituting in Eq. (2-23) Vi from Eq. (2-20) equation (2-16) is 

( 2 _ 2 4 )  

Gathering terms and rearranging yields 

dWz 1 f s y  •  i  / n  ne\  
-df=crtc; lc ,~-' , ]- (2_26)  

Eq. (2-25) and the remaining Eqs. (2-17) through (2-19) build now a closed math

ematical model of the device. These equations, however, cannot be solved further, 

because of the nonlinear characteristic of the tunneling. Also linearization or ap

proximation of the system at particular values of ESD magnitudes (such as zero or 
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very large) as in most common models for the EEPROM cell 52,53 are of no interest 

to this problem, since the intent is to use the device exactly in the intermediate 

(analog) range of operation. However, numerical simulation (integration over t) of 

this model can yield trajectories of T^(<). Because of the mathematical removal of 

the singularity, however, Ve3d is not a sufficient input to the system. According to 

Eq. (2-25), the first derivative of Vead must be known for the simulation. If the pro

gramming pulse Vead is» as in the digital memory device, a constant value over some 

time, the derivative consists of two impulses, one at the leading edge and one of 

opposite polarity at the trailing edge of the write pulse. When an analytic approxi

mation for the ESD pulse can be found, its derivative can be calculated analytically 

before the start of the simulation and no problem arises. As an approximation of a 

typical human body model ESD pulse, a double exponential pulse of the form 

Vead = VpKv[exp(-Bt) - exp(-At)] (2-26)  

was chosen. With the parameters A and B the rise and fall time is adjusted indi

vidually, Kv normalizes the magnitude to one and Vp is the parameter for the peak 

voltage. 

C. Anticipated Operation of the Model 

For the interpretation of the simulation results it is advantageous to have 

some qualitative and possibly, at some distinct values, quantitative knowledge about 

the behavior of this model and the device. 

The qualitative operation is as follows. Upon applying a positive ESD pulse, 

the voltage at the floating gate, V2, follows the rising ESD voltage Vead, scaled with 

l/Rc. Rc = (Ci -\-C-i)IC\ is the ratio of the capacitive divider. If V2 stays below the 
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Fig. 16 Block diagram of the model of the ESD detector used for the numerical 
simulation. 

magnitude causing tunneling of at least some minimal value, V2 keeps following Ve3j 

back to zero along the trailing edge of Vead due to a low Vead peak value or a large 

Rc. For a smaller Rc or a higher Vead peak, at some point of Vi tunneling will start 

sharply and transfer electrons to the floating gate. This charge accumulates on the 

floating gate and thereby reduces the voltage V2, even if Vead is still rising or at its 

peak. At the same time, the decreasing V2 decreases the tunneling, inhibiting further 

charge transfer. This action is comparable to the feedback loop in a automatic 

control system. V2 will again fall with Vead/Rc and end up negative when Vead is 

at zero by an amount equal to the drop of V<i during the tunneling action. If the 

tunneling at the higher magnitudes of Vead and V2 was sufficiently strong, V2 may 

decline during the fall time of Vead to negative values that again cause tunneling 

but in the reverse direction, limiting the maximum negative magnitude of V2. The 

final V2 after the ESD event therefore will not increase further even if the ESD 

magnitude increases. The device is then in saturation. For negative ESD pulses the 
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process is expected to behave identically but with opposite sign. This qualitative 

action is confirmed with the interpretation of Eqs. (2 — 18) and (2 — 24). The 

same equations can be interpreted as describing a transfer function with the ESD 

pulse as input and the floating gate voltage as output. Block diagram techniques 

can be used to display the equations graphically, simplifying the interpretation of 

the model further. Fig. 16 shows a block diagram of the model described by these 

equations. 

D. Validity, Limitations and Verification of the Model 

One way to judge the accuracy of a model is by comparing it with a different 

model for the same structure. The electrical behavior of the structure in Fig. 11 

must certainly obey Gauss's law: 

j> DdS = j)qadV (2-29)  
S V 

which yields 

E2 = —[e1E1 + Q F G ]  (2-30)  
^2 

and 

Vead = D\Ei + D2E2 (2 — 31) 

The charge accumulated on the floating gate is 

Qfai*) = JIME*) ~ MEi)]dt (2 - 32) 
T 

where J\ is normally neglected and J2 is again calculated according to Eq. (2-18). 

After performing some algebra on Eqs. (2-29) through (2-32), a model identical 

to the circuit model results, having, instead of V2, Qfg as the state variable. The 



advantage of the circuit model over this model is that the structure of the model is 

simple and easier to change or to incorporate new equations to improve the model 

such as an oxide weax-out characteristic for jt or a voltage dependent capacitance 

c2. 

Even though the above discussion verified the model according to Maxwell's 

equations, nothing has been said about the limitations or accuracy of the model. 

That both derivations result in equivalent models is due to the fact that the same 

assumptions were made. There are several assumptions about the operation of the 

structure implied by this model. 

Model Assumptions 

a) The silicon surface below the tunneling oxide is always at ground 

potential. 

This assumption has a major influence on the model accuracy, since little 

change in the potential difference across the insulator changes the tunneling current 

exponentially. The silicon immediately below the tunneling oxide is the channel 

area of the depletion-mode n-channel MOS transistor and has n-type doping. This 

channel is enhanced for any positive gate bias, be it a positive ESD voltage or the 

control gate bias. The n-type channel is connected with the n-type source area 

which is connected to ground. Therefore, the potential of the silicon surface is at or 

close to the source-ground potential during positive pulses. Also the channel is able 

to supply ample current carriers for the tunneling, since the current in the channel 

during conduction is much larger even at low drain-source potentials. For negative 

pulse voltages the situation is more difficult since the silicon area under the floating 



gate is possibly driven into deep depletion, which reduces the potential across the 

oxide significantly. 

This assumption has a major influence on the validity of the model. Rigorous 

treatment would not make this simplification. However, the model is likely to be 

sufficiently accurate, at least for positive ESD events. 

b) The leakage current through the gate insulator obeys the Fowler-

Nordheim equation. 

The F-N approximation of the total leakage current in thin (thickness range 

70 A- 500 A) thermal silicon oxides is well known2,9'11 However, as demonstrated 

in Fig. 13 and Appendix B, the F-N equation fits the data2 only in a limited 

range of i£-field values. The leakage characteristic is also a strong function of the 

process condition for the growth of the oxide. Since the F-N equation is basically an 

exponential relationship, small differences in the curve fit and the coefficients may 

lead to significant errors in the value for the tunneling current if the equation has to 

extrapolate current values outside the measured range of field values. Nevertheless, 

two arguments can be made to support this assumption for this device. One is that 

the tunneling characteristic can be measured once the chip is built and the model 

can be corrected for this. More important, however, is the expected feedback effect: 

the voltage across the insulator leading to the tunneling through the insulator is 

reduced by this current. (Eq. (2-18) integrated over the time of the progressing 

ESD pulse.) This feedback loop, inherent to the structure of this device, reduces 

the sensitivity of the device to the specific tunneling characteristic, as is always the 

case if such an automatic control loop is present. This has a fortunate effect on the 

device function, because it reduces the influence of the non-uniformity of the oxide 

quality on the overall ESD sensitivity of the device, which leads to an improved 
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measurement accuracy of the detector. However, this quality is paid for with an 

overall reduction of the ESD sensitivity, which is also critical for this device. 

c) The circuit elements of the model exhibit ideal, linear time-

invariant and voltage-independent behavior. 

This assumption states that the two capacitances formed on the wafer have 

no dielectric or resistive losses. Also bond wire, pin, and on-chip connection induc

tances are neglected. Furthermore, the leakage current through the thick top oxide 

is neglected as well. These simplifications are believed to have a small impact on the 

model error. Certainly, Si02-capacitors are of good quality, the stray inductances 

can be estimated, and the upper leakage current is always much smaller than i t, 

the leakage current in the gate oxide for the given oxide thickness. Assuming the 

leakage or F-N characteristic as time-invariant may introduce some error, since a 

leakage current reduction from charge trapping in the oxide is expected. This error 

can be removed by an extension of the model with an additional equation describing 

the wear-out as given in Fig. 14 for a more accurate simulation. This effect is, of 

course, also reduced by the feedback described in the last paragraph. 

The assumption of a constant, voltage-independent C<i may not apply for neg

ative pulses for the same reason as in assumption a). For positive pulses, however, 

where the silicon surface is accumulated with carriers, this is probably accurate. On 

the other hand, the effects of mobile and trapped charges in the oxide insulators, 

axe harder to qualify, since they change their values of capacitance as the detector 

is used. 

Simulating the ESD pulse by an ideal voltage source neglects any source resis

tance. Considering CDM testing, the real source is definitely of very low impedance. 

F-:' 

f.. 



For HBM testing, the output impedance of the simulator is known from Fig. 2 and 

can either be simulated directly or the introduced error can be estimated from cir

cuit theory. In real ESD events, however, the source resistance is not known, and 

the available charge may not support the simulated current level. Since no reli

able experimental data for typical ESD source are available, this error is difficult 

to quantify. However, the assumption made here is accurate for all simulated ESD 

events, which are the only ESD events described in any specification for industrial 

testing. 

The presented model incorporates many simplifications about mechanisms 

in this device that axe not well known at this time. Additional assumptions may be 

implied by this model, making it difficult to judge the overall accuracy. On the other 

hand, the structure of the model allows several of the mentioned simplifications to 

be removed once some actual measurements of the chip are available. Also, if 

the quantitative ESD sensitivities calculated by this model do not coincide with 

the data, these results are the most accurate calculations available and give the 

necessary understanding to design the new chip. Moreover, a proof for the first 

order correctness of the model has been given. The deviations from the simulation 

results are therefore believed to be small enough for this iteration on the design of 

this detector. 
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The read-out of the ESD detector, which occurs long after the ESD event, 

consists of a measurement that determines the stored charge on the floating gate. 

For this, only parts of the entire detector structure are of interest. Specifically, 

these Eire the floating gate, regarded as a regular gate with an equivalent voltage 

applied (stored charge), and the silicon area beneath the floating gate forming the 

drain, source and channel of the depletion-mode transistor. The I-V characteristic 

of this transistor and a comparison with the characteristic before the ESD event 

allows determination of the change in the charge state of the floating gate. The I-V 

characteristic of the MOS transistor is well known and the regular models apply. 

From these considerations a design value for Vy results. 

A. Review of the Common MOSFET Models 

In section 2.2 a model was found that relates the ESD pulse magnitude to 

the amount of charge stored on the floating gate. This floating gate is the gate of a 

regular MOS transistor. By measuring the I-V characteristic of this MOS transistor 

the charge on the floating gate can be determined. In this section the relationship 

between the charge and the resulting threshold voltage and the drain current is 

reviewed. First, the threshold voltage of the transistor is linked with the charge on 

the gate by the total gate capacitance 

AVr = VT(t) - VT(0) = (2 - 33) 
& f g  

where C F G  «  C \  + CI- Comparison with the model in 2.2 shows that VI has the 

same form as AVr- This allows the interpretation of the simulated gate voltage Vi 

as the equivalent applied gate voltage or Vi(t) — 1^(0) = —AVT-
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The standard models for the MOSFET relate the threshold voltage to the 

drain current characteristic,which can be measured. For the linear operating region 

of the n-channel transistor 

ID  =  C^ H N  —  (yG - VT)VD -\vl (2-34)  

where Co is the gate capacitance per unit area, fin the channel electron mobility, 

Z and L the gate dimensions and VD and VG the applied drain and gate voltages, 

respectively56. For the saturation region, where VD > ( VG — VT), the drain current 

is 

ID = COFTNTFCIVA - VTF (2 - 35). 

A more elaborate model for the drain current characteristics results from the 

gradual-channel approximation54, 

ID = Co»N| (VG -Vt + - -7f)VD - P[(VD - 2$B)3/2 - (-2$B)3/2]] 

(2 - 36) 

where 7 = y/2eqNj1 and $ a the bulk potential. 

For the first order modeling Eq. (2-34) is considered. For more accurate re

sults, measured data of a characterization transistor on the same chip are necessary. 

A curve fit of the simple equation to measured data is a more realistic approach 

than the higher order models, particularly because this process is not optimized for 

good transistor characteristics. 

In the measurement of the actual detector structure the gate voltage VG is 

kept at zero. This leaves as design parameters only the device threshold VTO- From 

the equations it follows that if the virgin threshold voltage is negative, and a drain 

current ID flows when the charge state of the floating gate is zero, both polarities 



of ESD pulse can be detected. Moreover, the range where the drain current can 

respond to the charge state of the gate is doubled if VT is more negative than the 

saturation value of V%. These considerations determine the design value for VT-
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2.4 Numerical Simulation 

The model equations established in section 2.2 have been simulated numer

ically. Each simulation run gives one data point of a threshold shift for a given 

set of conditions. Varying these conditions will eventually give the simulated char

acteristic curves of the ESD detector that describe the threshold voltage shift as 

a function of the geometry and the ESD magnitude. This model was simulated 

with CTRL-C and ACSL, a set of mathematical tools, that can solve non-linear 

differential equations numerically. From these results, a design methodology for the 

ESD detector was developed that guided the design of the detector and the related 

experiments on this test chip. 

A. The Numerical Simulation Environments of CTRL-G and ACSL 

For the numerical solution of the nonlinear differential equation of the model, 

the software facility CTRL-C15 was selected. CTRL-C is an interactive environment 

for designing and analyzing dynamic systems. It is also effective for numerical anal

ysis. CTRL-C can perform operations on vectors and matricies such as inverse, 

eigenvalues, and matrix decompositions, and it can find solutions to matrix dif

ferential equations. Linear continuous-time systems can be analyzed in the time 

domain and trajectories for arbitrary inputs can be calculated. 

In order to simulate nonlinear systems in CTRL-C, an additional tool is 

necessary. The nonlinear part of the model is described with ACSL (Advanced 

Continuous Simulation Language). ACSL needs a set of time-dependent, non-linear, 

differential equations describing the dynamic model of the system. The ACSL 

translator takes this model description and automatically creates a FORTRAN 



program. This program can then communicate via a shared library with the CTRL-

C environment. There the simulation is controlled and executed by higher-level 

routines. The inital conditions, the ESD magnitude, and the geometrical parameters 

can be varied from within CTRL-C. The simulation is then executed again and 

again. In this way numerous time histories for ESD detectors of different geometries 

have been calculated and predictions for the resulting shift in V2, the threshold 

voltage as function of the ESD pulse, have been made. The program details are 

shown in Appendix B. The results of these simulations are compiled in the next 

section. 

B. Simulation Results and Design Methodology 

The results in section 2.2 and 2.3 have lead to a mathematical model of 

the ESD detector. This model is simulated with the tools described above. The 

results show that the range of ESD pulses that can be measured with the detector 

is controlled by the ratio of the capacitances, Rc = (Ci + C-i)fC\, as the major 

parameter. 

Figure 17 shows the standard ESD pulse from Eq. (2-26) used as input to 

the simulation. With the peak voltage Vp as the parameter, several ESD pulses are 

simulated and the voltage Vi on the floating gate after the pulse is calculated. This 

voltage is equivalent in magnitude to the threshold shift of the transistor. Examples 

pf these simulations are shown in Fig. 18. There, Vead(<), the input, and 

i t u n ( i ) ,  the tunneling current, all versus time, are displayed. These examples show 

the detector response in the different ranges of operation. The ratio of capacitance 

was Rc = 262. In Fig. 18a, the ESD magnitude Vp = 700 V is below the ESD 

threshold and essentially no charge is transferred to the gate and no shift in the 
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Fig. 17 Standard ESD pulse used in the simulation according to Eq. (2-26). 
The peak voltage is varied by the simulation. 

transistor threshold occurs. In Fig. 18b, Vp  = 1600 V, the detector is at the onset 

of a measurable threshold voltage change. In Fig. 18c, Vp = 2300 V, the detector 

operates in the analog mode, where the shift in threshold voltage is proportional to 

the ESD magnitude. In Fig. 18d, Vp = 3800 V, the device is saturated, which means 

that the charge transferred to the gate at the beginning of the pulse is sufficient that 

the electric field set up by this charge in the thin gate oxide will cause tunneling in 

the reverse direction when the ESD voltage returns to zero. 

Theoretically, this tunneling never stops, and the charge on the floating gate 

continues to leak off. In practice, however, due to the exponential nature of the 

tunneling the leakage 'stops' at Vi « 5V for the assumed tunneling characteristic 
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Fig. 18 Numerical simulation for Vetd, Uun and V2 of a detector with Rc = 262 
and ^2(0) = 0. (a) Vp = 700 V is belo?/ the ESD threshold; no change 
in V2 occurs, (b) onset of the ESD sensitivity at Vp = 1600 V; a small 
shift of V3 is observed. 
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Fig. 18 Numerical simulation for Ve3d, itun and V2 of a detector with Rc = 262 
and V2(0) = 0. (c) Vp = 2300 V puts the detector in the operating 
range, (d) Vp = 3800 V saturates Vi\ Now reverse leakage current can 
be observed. 
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and no change in V2 occurs for a long time. In the case of an BEPROM this is 

referred to as retention time, which is on the order of years. 

In Fig. 19, the responses of V2 after the ESD pulse sire shown for an entire 

range of Vp. These results show the three different regions of operation clearly: no 

change below the ESD threshold, the linear range of operation and the saturated 

range, where V2 does not change for higher magnitudes. The parameter Rc is varied 

from 25 to 500. Vp is always positive for these simulations, leading to negative gate 

voltages V-i. Since the model is symmetric, the results for negative ESD pulses will 

be identical but with reversed polarity. 

Rc 
tower 
limit IVJ center [V] 

uPPer 
m 

limit £VJ r a btlO3! 

25 154 218.8 283 0.999 -6.0 38.9 

50 307 437.2 566 0.999 -5.9 19.3 

100 6 1 7  874.2 1  1 3 1  0.999 -5.9 9.7 

262 1620 2290 2960 0.999 -6.0 3.73 

500 3088 4369 5650 0.999 -6.0 1.95 

Table 1 Linear range of detector operation as function of the capacitance ratio 
with data from Fig. 19. 

The numerical values of the transition voltages between the ranges of oper

ation are assembled in Table 1 as a function of Rc. The values were calculated by 

a curve-fit to the linear regions in Fig. 19. The parameters r, a, and b describe the 

fit and describe the useful range of operation. The data in Table 1 are rearranged 
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Fig. 19 Predicted shift of the gate voltage V2 of the ESD detector versus the 
ESD magnitude for 5 different capacitance ratios Rc. 
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in Fig. 20 to find a relation between the linear operating range and the capacitance 

ratio Rc of the detector. The resulting relationship turns out to be linear as well. 

The simulations therefore predict linear behavior of the useful detector range with 

respect to the ESD pulse magnitude and the capacitance ratio. Figure 20 shows the 

range of the ESD sensitivity as a function of the design parameter Rc in a linear 

(Fig. 20a) and in a double logarithmic (Fig. 20b) plot. According to this simulation 

the range of ESD magnitudes MRe„d that can be measured with one ESD detector 

as function of Rc is 

MRead = 8.7 V x Rc ± 2.6 V x Rc (2-37) 

Figure 20 and Eq. (2-37) are used as design equations for the capacitive divider 

of the ESD detector. These numerical results axe specifically based on the given 

assumptions of section 2.2D. 

The numerical accuracy of these simulation results was estimated with the 

use of different integration algorithms and integration step variations. Also redun

dant equations were introduced in the ACSL input to measure the numerical error. 

The model poses no problem in this respect, except, that the F-N equation has to 

be modified to yield the proper sign for both polarities of E-fields. Also the imple

mentation of a similar model of the detector according to Eqs. (2 — 29) through 

(2 — 32) has given identical results. 

Another check was performed to examine the sensitivity of the model (or the 

detector for that matter) to the particular tunneling current approximation. In Fig. 

21a four different F-N approximations were chosen. Then the model was simulated 

again for different magnitudes and Rc ratios. The results in Fig. 21b show, that 

the saturation value of V2 and the range of the sensitivity varies with the change 
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Fig. 20 Relationship between the capacitance ratio Rc and the range of de
tectable ESD magnitudes. 



in the tunneling behavior. However, the shape of the sensitivity characteristic 

is preserved as is the linear characteristic between Rc and the range of sensitive 

magnitudes. The change in the numerical results of the simulation is significant. In 

order to accomodate for this uncertainty and to detect the different ranges of ESD 

magnitudes, Rc is varied over more than two orders of magnitudes. 

Another effect of this variation is that the higher saturation voltages of Vj> 

(eg. solid curve in Fig. 21) cannot be measured, if V2 becomes smaller than Vxo> 

because this turns the transistor off. To avoid this problem, VTO should be smaller 

than the maximum saturation value of V2. 

C. Summary of the Simulation Results 

The key result of these simulations is the linear relationship of the ESD 

magnitude to the shift in the threshold voltage in Fig. 19. Furthermore, the relation 

in Eq. (2-37) between the ratio of the capacitances Rc and the sensitive range of ESD 

voltages is also linear. The simulation also confirmed the expected behavior: Small 

ESD magnitudes cause no change in the threshold voltage, whereas magnitudes 

which are too high drive the gate voltage into saturation. The detector is useful in 

the analog range of operation, which is between these two transition voltages. 

Also evident is the influence of the tunneling current characteristics on the 

ESD sensitivity characteristic. The variation in the sensitivity will require a varia

tion of Rc to ascertain the measurability of a specific range of ESD magnitudes. The 

threshold shift also depends on the inital charge state of the floating gate. If T^(0) 

is in saturation before the ESD pulse, no change will occur for the same polarity of 

ESD pulses. 
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The length of the ESD pulse, although it has an influence, is negligible con

sidering that time enters the integral for Qjg linearly, while Vp enters exponentially. 

Moreover, most ESD pulses have very similar event durations. 

Furthermore, the simulations have shown, that the absolute area of the tun

nel oxide plays no role. The increase in the absolute charge by increasing the 

tunneling area is exactly offset by the increase of the gate capacitance, leaving the 

current density and the charge per area of the floating gate constant. The ratio of 

the capacitances Rc is the only relevant parameter. 

Finally, a first order comparison of these simulated results with the first 

generation devices has shown good agreement. This Figure is shown in Appendix 

B. 
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3. PROCESS DESIGN AND CHIP LAYOUT 

In this section the results from the numerical simulation are compiled into a 

design methodology for the detector. The design of an example detector with one 

specific range of sensitivity is shown in detail with the corresponding calculations. 

In section 3.2 the self aligned NMOS process for the fabrication of the chip is 

developed. Special attention is given to the calculation for the dose of the depletion 

implant for the threshold voltage adjustment. Finally, the design of the experiments 

with this detector are described in section 3.3. 

3.1 Device Design from Model Results 

A. Design Methodology 

The results of the simulation in Fig. 20 and Eqs. (2 — 34) and (2 — 35) lead 

to conditions for the transistor parameters. A simple design methodology for the 

determination of the values of the parameters for the detector design results: 

1.) Select a value for the device threshold voltage Vro of the depletion mode 

transistor such that Vro is more negative than the expected gate saturation 

voltage. Otherwise Vro limits the range of sensitive ESD magnitudes, since 

ID cannot be smaller them zero. On . the other hand, Vro may not be too 

negative, because the drain current may become exceedingly large. 

2.) Find the necessary Rc for the desired range of ESD magnitudes according to 

Fig. 20. 

3.) According to the layout design rules and the oxide thicknesses in the process, 

select the actual dimensions for the capacitive divider (Fig. 11). 



4.) Select a Z f L  ratio for a proper range of drain currents, according to Eq. 

(2 — 34) or (2 — 35) and the selected value for VTQ. An increase in this ratio 

increases the magnitude of the drain current at a particular floating gate 

charge state and therefore increases the measurement gain. However, the 

resulting total detector area must be considered. Also, high drain currents 

may result if VTQ turns out to be more negative than the design value. 

B. Design of the Example Detector ED-200 

The specific design of the detector is shown with the following example. It 

serves as a model for the design of the detectors for the other sensitivity ranges and 

also as a guideline for the more advanced experiments with this detector included 

on this chip. 

1.) The selection of the threshold voltage V^o is based on the prediction for the 

sustainable voltage of the floating gate. The values obtained from the simulation 

varied depending on the assumption of the tunneling characteristic between 1 V 

and 5 V. The ideal value for VTQ would therefore be lower than —5 V. However, 

process considerations shown in section 3.2 have lead to an intermediate value of 

VTO = —2 V. In addition, the oxide may exhibit a large leakage current that reduces 

the gate saturation voltage, since the gate oxide growth is a new process step. 

2.) The capacitance ratio is determined from Fig. 20. For the example detector 

cell an Rc of 200 with an expected ESD magnitude range of 1240 V to 2260 V is 

selected. 

3.) The layout design rules of the particular mask making and wafer process were not 

known from the respective manufacturers. Therefore, all geometries and spacings 

were selected rather large, to avoid problems. Also, since the previous experiment 



81 

showed a severe short channel effect, degrading the detector accuracy, larger mini

mum sizes were preferred. The channel length (the smallest dimension) is 3.8 fim 

for this example cell. The thickness of the tunneling oxide is 100 A. This thickness 

is known to exhibit good F-N characteristics, while still being relatively free of oxide 

defects. The thickness of the top oxide is 4500 A. This value for Di allows a wide 

range of Rc with reasonable layout dimensions. 

4.) The Z / L  ratio is selected according to Eq. 2 — 34. With the selected parameter 

v a l u e s  a n d  f x n  «  5 0 0  c m 2 / V s ,  d r a i n  c u r r e n t s  i n  t h e  r a n g e  o f  1  m A  r e s u l t  i f  t h e  Z f L  

ratio is between 20 and 50. For the example cell, Z/L = 50 is selected. 

In Table 2 all the dimensions of the example cell ED-200 axe given, along 

with some other detectors included on the chip. Figure 22 shows the layout of the 

ED-200 example detector. ED-200 is an electrostatic detector cell with a nominal 

capacitance ratio of 200. 

rv 
/ la/ia\gf tax 

-—-v* 

/ 

\ 

/ 

Fig. 22 Mask layout of the example detector cell ED-200. 
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Range [V] 
from to 

AT D2=100A, 
A2 D1= 4500A Z/L 

A) 

Jim2 

a2 

jim2 

Cell 
name 

10 62 - 113 4.5 13 190 855 ED_10 

100 620-1130 0.45 
26 380 171 ED_100S 

100 620-1130 0.45 
26 876 394 ED_100L 

200 1240-2260 
0.225 

26 375 85 ED_200 
200 1240-2260 

0.225 

50 722 162 ED_200S 

500 3090-4370 0.09 26 876 78.4 ED—500 

Table 2 Design combinations and layout parameters for different ranges of 
sensitivity of the detectors. 

3.2 Process Design 

The process required for this detector is in essence an NMOS process. How

ever, two parameters selected in the last section require attention. This is the 100 

A tunneling oxide and the large negative threshold voltage VTO• The experience 

from the previous work has shown that good process control is mandatory to obtain 

uniform results. This is achieved by using standard process steps in a commercial 

processing facility. AT&T Microelectronics in Allentown offered to process a lot 

of 25 wafers. The previous process1 needs several changes to implement the new 
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designs. The design and calculation of the process parameters and the mask and 

process sequence is given next. 

A. Adaptation of the Process Sequence 

The process in the previous work1 was tailored for the facilities in the old 

microelectronic laboratory, which didn't have the advanced capabilities available in 

a modern facility. The major changes in the fabrication process are the transition 

to a self aligned process sequence and the substitution of the pre-depositions by 

implant steps. Also, controlled variation of some device parameters is necessary 

to perform a complete experiment. These changes, together with the requirements 

from the foundry, require an entire redesign of the process. 

The first step in this redesign is the transition from the pre-deposition and 

drive-in doping sequence to an implant and anneal sequence. Neither the drain 

doping nor the drain junction depths are critical parameters. The drain/source 

junction depth was in the range of 0.2 fim to 0.35 /zm and the peak concentration 

was around 1019cm-3. With a little calculation, the implant energy and the implant 

dose is found, leading to similax junction results. A heat sequence for the anneal is 

assumed and compensation for the channel stop implant is needed. Later simulation 

of the structure with SUPREM IV confirmed the choice of the implant dose Q = 

3 x 1015 cm-2 of phosphorous and an implant energy of 70 keV. 

This new process also includes a channel stop implant to prevent leakage 

current between the transistors. This implant had Q = 1.5 X 1012 cm-2 of boron 

with an energy of 130 keV. The energy is large, since this implant is performed 

through the field oxide. 
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The other characteristics of this process, such as the entire heat cycle, the 

pad oxide growth, the polysilicon deposition and of course all cleaning, photoresist, 

and etch steps axe selected according to standard procedures of the manufacturer. 

The process, shown schematically in Fig. 23, is in summary: 

(A) Starting wafer, 4 in., p-type 2 x 1015cm~3, < 100 >. 

(B) Growth of 4000 A field oxide and channel stop implant, boron, 130 keV, 

Q = 1.5 x 1012 cm"2. 

(C) Phototransfer mask # 1 and etch of the source/drain regions. 

(D) Phototransfer mask # 2 for the depletion implant, arsenic 80 keV, Q = 

3.5 x 1012 cm-2 and photoresist removal. 

(E) Gate oxide growth 100 A, some wafers 130 A. 

(F) Polysilicon deposition, phototransfer mask #3 for the floating gate definition 

and subsequent polysilicon etch. 

(G) Self-aligned implantation of the source/drain, phosphorous, 70 keV, Q = 

3.0 X 10-15 cm-2 and drive-in anneal. 

(H) Deposition of the top oxide (P-Glass) in three different thicknesses 2000 A, 

4500 A and 6900 A each on a third of the wafers; phototransfer mask #4; 

contact etch. 

(I) Metallization with aluminum, phototransfer mask #5 and metal etch. 

(J) Deposition of the passivation layer, phototransfer of mask #6 and etch for 

the contact pads. 

The detailed process proposal with the procedure and motivation for the 

selection of the process parameter values is given in Appendix D. There, the actual 

process log with the 56 required steps is included as well. 

F~* 
I . 



Since the sequence of this process is new, a simulation of the process is ap

propriate. Particularly for the value of the threshold implant dose, extensive calcu

lations shown in the next section were necessary. However, to check the correctness 

of the step and mask sequence a 'by hand' simulation of the wafer cross-section after 

each process step was performed and is shown in Fig. 23. This graphic helps also to 

determine the correct mask field (clear or dark) and the sequence of the alignment 

marks on the masks. 

B. Design for the specific Vro 

The threshold voltage of the detector transistor is a critical parameter. From 

the device simulation in section 2.4 a large negative value for this voltage is desired. 

Unfortunately, this range of threshold voltages is quite unusual in commercial pro

cessing and it was impossible to obtain standard values for the proper adjustment 

implant dose. Several avenues were pursued24'26 to obtain the implant parameters 

that lead to a threshold voltage within the allowed window. The problem of the 

calculation of VTO is exacerbated by the fact that the channel area receives two 

doping implaats of compensating character (channel stop-implant and adjustment 

implant). 

a) Depletion Approximation with Box-Profiles. 

The simplest model to use for the calculation of the threshold voltage is the 

depletion approximation. Analytical solutions are found if the doping profiles for 

the channel stop implant and for the threshold adjustment implant are assumed to 
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Fig. 23 Schematic of the cross-section of the wafer after each major process 
step. The letters refer to the process description in this section. 
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be box-shaped. With the derivation from the Poisson equation 59, and an extension 

of the equation in Sze17, the following equation for the threshold voltage is found 

Fro = VFB + Vs + Vi + (3 - 1) 
Isox 

where Vps is the flatband voltage 

VFB = - 7^ - 7K (3 - 2) 
l^OX OOX 

A typical value for the interface state density is Q3a — 1011 cm-2 when the oxide 

trapped charge is neglected. The oxide capacitance is Cox = eox / Dox and the 

difference of the surface potential at threshold from the flatband value is 

k T .  =  — I n  NBC (3-3) 
.Ndi — Nai — Nbc. 

and VI = QN<IC^AI • QD is the charge in the depletion layer 

QD = QNBCXD (3 — 4) 

with the maximum depletion width 

'263^3 , Ndi 2 ^a> 2 
( 3 " 5 )  

where and XD are the depths of the respective implants, assumed to be approx

imately 2 X Rp, considering the implant depth, the doping spread from the anneal, 

and the oxide layer at the time of the implants. 

With these equations, the threshold voltage was calculated for several differ

ent implant doses and implant energies. The short computer program is given in 

Appendix D. The solid line (a) in Fig. 26 displays the calculated results. 
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b) Threshold Voltage Algorithm in SUPREM III. 

The one dimensional process simulator SUPREM III33 has a built-in proce

dure to calculate the threshold voltage of an MOS transistor, employing numerical 

techniques in order to consider the actual non-uniform channel doping profile24. 

The process steps determining the channel doping were simulated with this pro

gram and the threshold voltage was calculated for several different implant doses. 

The results are displayed in Fig. 26 (b). The calculation for the threshold voltage 

with this simulator is probably not very accurate. For higher values of implant 

doses the algorithm did not converge and for some implant doses non-uniform re

sults were obtained; the threshold voltage did not always decrease for an increase in 

the implant dose. Thus, the results from SUPREM III have to be considered with 

severe caution. 

c) Simulation with SUPREM IV combined with PISCES II. 

SUPREM IV47, the successor of SUPREM III, is a two dimensional process 

simulator. The capabilities of the simulator are improved; however, there is no 

direct way to calculate the threshold voltage. Simulating the process of the entire 

device, that is, drain, channel and source areas in one two dimensional grid, allows 

the transfer of the solution to PISCES II, and to simulate there the total electrical 

behavior of the structure. This way, more elaborate simulators and much more 

CPU time is required to obtain the desired information. As a consequence, more 

detailed results are available, and hopefully, the accuracy is improved as well. 

For the process simulation, a grid description of the wafer similar in structure 

to PISCES is necessary for the start of the simulation. Photoresist steps, etching 

and deposition steps are used to define the device layout. Implants, diffusion and 



89 

oxide growth simulation then calculate the doping profile, the oxide thicknesses, the 

consumed silicon and the entire wafer topography. The inputs to these simulation 

statements are process parameters such as temperature or diffusion time. During 

the simulation, the grid describing the structure grows or shrinks with the wafer 

surface. For the particular purpose of finding the threshold voltage, only the part of 

the grid describing the silicon is of interest. The simulation, with the detailed input 

to SUPREM IV shown in Appendix C, is executed for several different implant 

doses. The resulting doping profiles for the drain and source region as well as for 

the channel region is shown in Fig. 24. 
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Fig. 24 Simulated doping profiles from SUPREM IV for process 2.4r for a 
cross-section of the channel (a) and the drain/source (b) regions. 



These doping profiles are extracted from the SUPREM IV simulation results 

and stored in a data file. A PISCES II simulation is prepared describing the same 

device structure with the doping profiles from these data files. Theoretically, the 

grid created by SUPREM IV can be read by PISCES; however, since the appropriate 

newer versions of the simulators were not obtained, the above described detour was 

necessary. The doping profile in the PISCES simulation is therefore only correct for 

the drain/source region and in the middle of the channel. In the transition regions, 

where the lateral diffusion changes the profiles, approximations had to be used. 

PISCES II simulations of a regular MOS transistor with the simulated doping 

profiles were used to obtain the electrical characteristics. The DC curves of the drain 

current versus the drain-source voltage with the gate voltage as the parameter is 

shown in Fig. 25. These I-V data can then be appropriately.fit to Eq. (2-34) and the 

value for VTQ obtained by extrapolation. This entire procedure is now repeated for 

several different threshold depletion adjustment implant parameters. The solution 

was consistent, in that increased depletion doping of the channel lead to a decreased 

value for the threshold voltage. This method of simulation is elaborate and requires 

extensive CPU time, since the process and the semiconductor simulation have to be 

carried out for each single change in the process parameters. The resulting threshold 

voltage versus implantation dose of this simulation is shown in Fig. 26c. 

d) Summary of the Threshold Calculations 

Three redundant ways to calculate the threshold voltage of a depletion-mode 

transistor were shown. The results of the three methods, compiled in Fig. 26, show 

large variations. For a desired threshold voltage of — 2 V, implant doses between 

1.8 x 1012 cm-2 and 8 x 1012 cm-2 are required. Interpreting the graph differently, 
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Fig. 25 Resulting IP versus VQS characteristic from the PISCES simulation 
of the depletion mode transistor with the doping profiles from the 
simulation. 

an implant dose of 3.5 x 1012 cm-2 may result in a threshold voltage anywhere 

between Vfo = —4 V and VTO = —0.8 V. Obviously, the experiment will prove only 

one value as correct. Criteria for the decision of the value have to be found. From 

the experience gained in the simulations and the consistency of the results, the 

SUPREM III method is likely to be wrong. Since the values of typical published 

data are in the range of both of the remaining two curves, each is equally likely to 

be correct. The final choice was 3 X 1012 cm~2. 
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ARSENIC D0SE 

Fig. 26 Comparison of the predicted values of threshold voltage versus the 
depletion adjustment implant dose from box-profile depletion approx
imation (a); SUPREM III (b); SUPREM IV and PISCES (c). 

C. Summary of the Process 

The process design for the fabrication of the ESD detector follows standard 

NMOS technology. The key features axe the thin tunneling oxide and the care

fully selected design value for the threshold voltage of the detector transistor. The 

proposed process steps were designed to match the standard process steps of the 

silicon foundry. This way it was possible to take advantage of the experience, the 



process refinement, and the excellent process control of the manufacturing labora

tory. This guaranteed a uniform result important for the measurement accuracy of 

the detector. 

To ensure the success and to extend the scope of the experiment, some process 

parameters were varied. These are the thickness of the thin tunneling oxide, the 

dose of the threshold adjustment implant and the thickness of the top oxide. The 

variation of the thin tunneling oxide served two purposes. The integrity of the 

100 A oxide was not known, and therefore a slightly thicker oxide of 130 A was 

selected for some of the wafers to avert a possible problem. This also changes the 

sensitivity of the detector, enlarging the sensitive range. Varying the thick oxide 

with the values 6900 A, 4500 A and 2000 A serves the same purpose. With a thinner 

oxide, smaller capacitance ratios are realized and smaller ESD magnitudes can be 

measured. Finally, the arsenic implant dose is 2 x 1012 cm-2 and 2.5 x 1012 cm-2 for 

the wafers with no stop implant and 3 X 1012cm-2 for the wafers with a boron stop 

implant. This process matrix should ensure that at least one third of all devices 

have their Vto at or close to —2 V. Also a wide range of i2c's from 4.6 to 1530 can be 

implemented in this way. Fig. 27 shows the proqess matrix, with the division of the 

25 wafers into the different process combinations resulting from above variations. 

The wafers were processed with these specifications by AT&T, Microelec

tronics in Allentown, in July 1989 and were received at the University of Arizona 

in September 1989. 
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Implant Dose As: 2E12 As: 2.5E12 B :1.5E12 As : 3E12 

Gate Oxide 100 A 130 A 100 A 130 A 100 A 130 A 

Field Oxide 
2000 A #01, #02 #09 #10 #17 #18 

4500 A #03, #04 #05 #11, #12 #13 #19, #20 #21 

6900 A #06, #07 #08 #14, #15 #16 #22, #23 #24, #25 

Fig. 27 Matrix of the Process parameter variations and the wafer numbers. 
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3.3 Design of the Experiments and Layout of the Chip 

In this section, the design of the experiments and the chip layout are dis

cussed. A first experiment is designed to verify the simulation results and to explore 

the scaling law of the ESD sensitivity by implementing a large range of capacitance 

ratios. Further experiments include efforts to ease the read-out of the detector, 

with a second control gate or with an integrated amplifier. One experiment shows 

how a combination of several detectors can expand the sensitivity range, and an 

other, how the sensitive state of the detector can be controlled. Also the wafer 

characterization structures and the overall layout is explained. 

A. Detectors ED.5 through ED.1000 and Simulation Verification. 

The fundamental experiment with the detector is the verification of the oper

ation as predicted by the model simulations. Several detectors with varying capaci

tance ratios were designed according to the methodology explained on the example 

cell ED.200. The detectors ED.5, ED.10, ED.100, ED.200, ED.500 and ED.1000 

test the predicted scaling of the threshold shift as a function of Rc over a range of 

almost three orders of magnitudes. 

To test the prediction of the model, that the absolute gate area has no 

influence on the ESD sensitivity as long as the capacitance ratio is kept constant, 

the detectors ED.100SLN and ED.100LLN were designed. The capacitance ratio 

is kept constant, but the dimensions for the gate length and the gate width of the 

LLN device are one and a half times as large as the dimensions of the SLN device. 

Another concern was that the regular substrate contacts may not suffice 

to keep the potential in the substrate at zero. Therefore, the detector ED.200 is 
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repeated on the chip. ED-200oasis is surrounded by a close, continuous substrate 

contact. 

Finally, detectors with identical dimensions as in the previous project1 were 

included, to compare the process differences and the repeatability of the results 

(00W2 and 00S1). Table 3 shows the layout dimensions of all the cells. 

Cell name R 
c 

Top Capacitor Gate 

L p.m W |xm L |a.m W |im 

ED_5 5 25 28.8 2.6 50 

ED_10 10 25 34.2 3.8 50 

ED_100SLN 100 15 11.4 3.8 100 

ED_100LLN 100 24 16.4 5.4 151 

ED_200 200 15 10.8 3.8 190 

ED_500 500 14 5.6 5.8 151 

ED_1000 1000 10.4 3.8 5.8 151 

OOS1 262 3.8 19 2.6 101 

OOW2 262 3.8 19 3.8 101 

Table 3 Layout dimensions for the different ESD detector cells. 
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Fig. 28 Layout of the CTR1 experiment; ESD detectors with combined con
trol electrodes. 

The layout of these detectors is similar to the example cell shown in Fig. 22. 

The mentioned cells are built on the chip, such that the sense contact and drain of 

the transistors is accessible at the pad, while the source contact of all experiments is 

merged and connected to the substrate. In addition, these cells serve as components 

of the more complex experiments. 

B. ESD Detector with two Control Gates: CTR1 

Experiment CTR1 has two sense electrodes implemented with two different 

capacitance ratios. One of the Rc values is small and the electrode can be used as a 

regular gate. With such an electrode, threshold voltage measurements can be made. 

The operation for the ESD read-in is identical with the other detectors, whereas for 

the read-out a gate voltage is applied, and the threshold voltage of the transistor is 

measured directly as in a regular transistor. 
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C. ESD Detectors for expanded Range: LRD1 

In Fig. 19 and Fig. 20 is seen, that the range of sensitivity for a single 

detector cell is rather narrow. The range of one detector cell, however, can not be 

modified, since this is a function of the tunneling characteristic inherent to silicon 

oxide. This experiment makes an attempt to expand the range of sensitivity by 

combining several detector cells to one integrated detector. LRD1 is a parallel 

combination of seven ESD detectors with capacitance ratios from Rc = 18 up to 

Rc = 550 (for D\ = 4500 A). The successive detector ratios are matched according 

to the simulation. When the lower detector enters its saturation value the next 

higher detector enters its linear range. This way, the drain current increases with 

the number of detectors in saturation plus the one detector in its linear range. If 

the detectors are perfectly matched, this drain current response is linear with the 

ESD magnitude. 

iflllfl """"  ̂iflllfl """"  ̂iMtJifc U H .  
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Fig. 29 Layout of cell LRD1\ expanded ESD detection range through detector 
combination. 
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D. Selective ESD detection with controlled Input: CED1 

This experiment tries to control the sensitive state of the detector. In a real 

experiment it may be desired to have the detector sensitive to ESD pulses only 

dining a short period of the experiment and totally insensitive during the rest of 

the experiment. Experiment CED1 consists of an ESD detector cell and a large 

regular transistor connected as in Fig. 30. Since this transistor is designed as a 

depletion-mode transistor, the ESD sense line leading to the detector is shorted to 

ground. Only if a negative gate voltage is applied to the gate of this transistor the 

ESD pulse can propagate to the detector. This scheme, can only measure positive 

ESD pulses, since any negative voltage is shorted to ground by the drain junction of 

the switching transistor. In addition, a measurement can only be executed if power 

is available to the chip to keep the gate negative during the ESD pulse exposure. 

ESD 
in 

Control 

ESD 
out 

Ground 

ESD Detector 

Fig. 30 Schematic of the ESD detector with controllable input. 



E. ESD Detector with digital Output: AMP5 
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Experiment A MP5 is designed to ease the read-out of the ESD detector. For 

a commercial product, it is important that the application and use of such a detector 

is as simple as possible. In this experiment the basic ESD detector cell is used as part 

of an inverter circuit and is complimented by a second gain stage. When the ESD 

pulse changes the threshold voltage of the detector transistor in Fig. 31, the state 

of the inverter changes. AMPS realizes two such digital detector circuits for two 

different ESD magnitude ranges. The inverter with the ESD detector is designed to 

switch, when the ESD detector is in the center of its sensitivity range. The digital 

output tells wether an ESD pulse has exceeded a particular ESD magnitude or not. 

To cover an entire range several such circuits are needed, each for a different level of 

ESD pulses. The digital signal could afterwards be input to more complex circuits, 

as for example a display driver. 

F. ESD Detector for Protection Network Evaluation 

This experiment tests the application of the ESD detector in the evaluation 

of on-chip ESD protection circuits. PNII and PN2I realize two protection networks 

with the topology given in Fig. 1. The only differences are in the element values. 

The structure and operation of such protection networks is described in the 

literature3'8'37. The thick field oxide device (TFO) of the first stage of this network 

shunts the high current encountered during the ESD event. For negative voltages it 

operates as a diode clamp and for positive voltages as npn snapback device (MOS 

transistor in second breakdown). The thin gate (TG) device is necessary to limit 

the voltage at the input gate sufficiently and the resistor prevents the high voltage 

pulse from propagating to the input and also protects the TG from overstress. 
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Fig. 31 Schematic and layout of cell AMP5 for the digital ESD read-out Ex
periment. 

At the input of the protection network, one ESD detector is placed to measure 

the original ESD magnitude. Two detectors, sensitive for lower ranges of pulse 

magnitudes are placed at the output of the protection network to measure the ESD 

magnitude after the protection network. The schematic and the layout of PN1I is 

shown in Fig. 32. 

G. Characterization and Control Structures 

The structures for the measurement of the wafer parameters axe comprised 

of a Van-der-Pauw pattern for the measurement of the source/drain resistance and 

two thin oxide capacitors to measure the parameters of the gate oxide (thickness, 

leakage). One of the capacitors is built on silicon with doping identical to the 
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Fig. 32 Schematic and layout of PNII; application of the ESD detector for 
the evaluation of the effectiveness of different protection networks. 
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channel doping of the depletion mode transistor, and the other is built on silicon 

with substrate doping. 

Fig. 33 Layout of the characterization device CHR2. 

For the determination of the exact parameters of the ESD detector cell, a 

characterization device is necessary. CHR2 is a device that allows the measurement 

of the intrinsic transistor I — V characteristics and the threshold voltage VTO• The 

Fowler-Nordheim tunneling current can be measured using the additional contact 

to the polysilicon. In Fig. 33 the layout of this characterization device is shown. 

The dimensions of CHR2 are identical to the example cell ED.200. 

H. Overall Layout 

For the manufacturing of the chip, alignment marks on the different mask 

levels are needed. For the alignment, a simple pattern, shown in Fig. 34, is used, 

since the alignment at AT&T is done 'by hand' for this experimental lot. A chip 

logo and the numbers of the mask is included on each level as well. 
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Fig. 34 Layout of the alignment marks and the chip logo. 

The purpose of the overall layout is an arrangement of the experiments such 

that the least interference between the different experiments exists. This poses a 

problem with respect to the number of available pads, since multiplexing of pads 

is undesired. Standard in such experimental test chips is a 2xn pad arrangement. 

However, for this project no such tester was available. With subsequent packaging 

in mind, the pads were laid out along the edge of the chip, such that most of the 

experiments can be accessed if a 40 pin package is used. The arrangement consid

ered also dimensions of the probe card used in the old microelectronic laboratory. 

However, since for most experiments only three pads are needed at one time, micro-

probing of the unpackaged chip is an available option. The entire composite mask 

layout and number convention of the pads is given in Fig. 36. Figure 35 finally 

shows the placement of the experiments on the chip. 
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Fig. 36 Composite Layout of all masks of the entire chip and the pad number 
definition. 
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4. EXPERIMENTAL RESULTS AND DISCUSSION 
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This chapter presents and discusses the experimental results obtained from 

this detector chip. The measurements were made with a test setup consisting of an 

HP parameter analyzer, an ESD simulator, a probe station to contact the wafer and 

a computer as an automatic controller. The wafer was characterized in the unpack-

aged wafer form. A characterization procedure was developed, allowing multiple 

measurements of the same detector cell. Also the intrinsic transistor and the oxide 

parameters were characterized. 

4.1 Measurements and Wafer Characterization 

A. Setup for the characterization of the chip 

For the characterization of the experimental structures a special setup was 

built. This testing station consists of a manual probe station, an HP4145B semicon

ductor parameter analyzer, a programmable pulse generator, and an IMCS electro

static discharge simulator. This setup is shown in Fig. 37. The parameter analyzer 

and the pulse generator are controlled by a HP9000 personal computer, whereas the 

ESD simulator is only triggered by this computer. A relay that connects the probe 

station to either the pulse source, the ESD simulator, or the parameter analyzer is 

also controlled automatically. 

a) Semiconductor Parameter Analyzer HP4145B 

The parameter analyzer HP4145B42 is the key element in this test setup. 

Several different measurement modes of the HP4145B are employed to characterize 

the oxide leakage and the transistor parameters. The additional source channels are 
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used to control the relay switch. This guaranties that the analyzer is never exposed 

to the simulated ESD events. 

For the measurement of the oxide leakage current, great care was taken to 

insure accurate measurements. Large leakage currents degrade the oxide quickly, 

while small currents are difficult to measure. Several tests and control measurements 

with a KEITHLEY 617 electrometer showed that proper shielding and quality cables 

are necessary in order to keep the noise currents low. For current measurements in 

the pA range a waiting time of at least 1 s after each change in the forced voltage 

is essential for accurate results. Averaging of multiple measurements improves the 

relative accuracy as well. 

The current versus voltage measurements of the transistor employ the tech

niques learned from the tunneling leakage measurements. In particular averaging 

of several measurements made over a small period of time (eg. 3 s) at the same 

applied drain voltage enhance the measurement quality. 

b) Pulse Generator 

For the initialization of the device, explained in section 4.1, a programmable 

pulse generator is required. The magnitude of the desired pulses can be as large as 

100 V. The voltage source integrated in the HP4280 C-V meter serves this purpose 

well, even though it is an unconventional application. The programming pulses 

used for the characterization are of fixed length (125 ms) but of programmable 

peak voltage and polarity. 

c) ESD Simulator 

The IMCS Model 2400C human body ESD simulator realizes the circuit in 

the MIL 883C25 with a 100 pF capacitor and a 1500 Q, resistor. Measurements with 
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the HP54000D 1 GHz oscilloscope have shown that the proper waveform with the 

specified rise and fall times is only generated, if the simulator is connected to a 

resistive load of small value. In the setup, the ESD simulator is always connected 

to a 100 fi load. Short cables with a floating shield connect the simulator with the 

relay and the micro-probes. The proper ESD waveforms were verified at the probe 

pins under the actual connection. 

For the purpose of automating the measurement procedure, this ESD sim

ulator was modified, to allow the triggering of an ESD pulse from the computer. 

However, the pulse magnitude was selected by hand. 

d) HP9000 computer as measurement controller. 

The number of experiments from this lot was very large; 25 wafers, each with 

about 550 chips, again each with some 40 transistors, gives a total of about 550,000 

detectors. In addition, ESD is a statistical phenomenon and requires multiple mea

surements in order to verify a certain operation. Moreover, the detector measures 

the ESD pulse non-destructively and can be used and characterized several times. 

Although only a small number of the chips were measured, some automation is 

required. Several programs were written in HP-BASIC to control the characteri

zation from the keyboard and to print the results for further evaluation. Details 

of the procedures are given in section 4.2. The equipment was remotely controlled 

through the HP-IB bus. 

e) Micro-probe station 

For the probing of the wafer, a Micromanipulator Model 6000 was used. 

The micro-probes feature shielded access cables up to the immediate wafer. The 

alignment of the wafer and the probes was done by hand under a microscope. To 

identify the detector on a particular chip on the wafer, the location convention in 
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Fig. 38 Chip arrangement on the masks used in the wafer production. This 
Figure sets the convention of the chip location (row, column) used in 
the measurements. Reference is the dark field in the center referring 
to the chip with the blank metal cover. 

Fig. 38 was used. The reference for the location on the wafer is the chip in the 

center with the blank metallization. This way every detector is uniquely identified 

if the wafer number (laser engraved at the edge of the wafer eg. 'UofA 17'), the 

row and column location eg. '(18/9)' and the cell name eg. 'CHR2' is given. The 

probe station was entirely enclosed by a aluminum box, shielding EM interference 

and also light. 
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B. Results from the Characterization device CHR2 

In this section the intrinsic parameters of the chip axe established. The 

transistor parameters Vro and the I-V characteristics are extracted from the char

acterization device CHR&. These data are used to correlate the drain current mea

surements to the threshold voltage shift. With the same device, the tunneling 

characteristic and the electrical thickness of the gate oxide was determined. These 

data serve for the verification of the Fowler-Nordheim characteristic and for the 

calibration of the ESD model. 

The data shown in the following Figures are example data from a device with 

typical behavior. It was felt by the researcher, that since it was impossible to take 

the large amounts of data necessary for a proper statistical analysis, that single 

representative actual measurements convey a better understanding than randomly 

compiled data. Moreover, the purpose of the experiment is not to test the process 

variations from the silicon foundry. 

In Fig. 39, the I-V characteristic of a typical transistor of the CHR2 char

acterization device is shown. These I-V measurements, together with threshold 

voltage measurements such as in Fig. 40, establish the data for Table 4 which lists 

the threshold voltages VTO resulting from the different implant process parameters. 

During the initial tests it was seen that the gate voltage applied to the control 

gate during a threshold-voltage measurement changes the potential of the floating 

gate. This must be prevented in order to obtain accurate data. If instead of this 

threshold voltage measurement, the drain current at zero control-gate voltage and 

at constant drain voltage (eg. 0.1 V) is determined, this problem does not exist. 

The shift of the floating gate potential and hence the measurement of the ESD 
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magnitude is therefore expressed in terms of the drain current or the drain-current 

shift. With the relationship in Fig. 40, the transformation into a floating gate 

potential would still be possible. 

In Fig. 41, the leakage characteristics of the 100 A and the 130 A tunneling 

oxides axe shown for both polarities of gate voltages. The positive data of the 100 

A oxide were replotted in Fig. 21a to demonstrate the excellent fit of the data to 

the Fowler-Nordheim characteristic. The wear-out of this oxide was also examined. 

A typical result was' shown in Fig. 14. 

1 0 ,  * (mA) 

2.800 

730.0 
7B.00/dlv (mV) VOS 

Fig. 39 Drain current versus drain-source voltage for 10 different gate voltages 
from —2.5 V to —0.25 V in steps of 0.25 V. Wafer UofA02, chip (18/9), 
device CHR2. Note the large leakage current due to the lack of the 
channel stop implant on this wafer. 
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Fig. 40 Drain current versus poly gate voltage with Vus = 0.1 V. Wafer 
UofA17, chip (13/21), device CHR2. The threshold voltage in this 
device is —1.55 V. 

4.2 Results of the Detector Experiment 

A. Detector Characterization Procedure 

In this section the procedure developed for the characterization of the ESD 

detector is described. This is the same procedure, that would be used in the ap

plication of this detector. The only difference is the ESD pulse being of natural 

occurence and of unknown magnitude, rather than simulated as in this case. 

At first, a functional test is performed, to check the proper operation of the 

device. For this, long low-voltage pulses of both polarities axe alternately applied to 

the sense pad. The detector cell behaves thereby like a regular EEPROM. In Fig. 
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Wafer Implant dose [cm'2] Threshold voltage 

UofA02 As: 2E12 - 2.0 V - -2.1 V 

UofA09 As: 2.5E12 - 3.0 V - -3.2 V 

UofA17 B: 1.5E12 & As: 3E12 -1.6 V- -1.8 V 

Table 4 Measured threshold voltages for the three different depletion implant 
doses. 

0.30 

A = 722 (im2, d = 100 Angstroms 0.20-
c Q> 
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a Q> 
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0.10-

Gate negative 

0.00 

Gate Voltage [V] 

Fig. 41 Tunneling current characteristic for 100 A and for both gate bias 
polarities. Wafer UofA23, chip (16/11), device CHR2. 

42 this programming characteristic is displayed. The resulting drain current of the 

detector cell is a function of the pulse magnitude. This graph establishes the data 



116 

for the programming pulse used for the initialization during the characterization 

procedure. ^ ^ 

[mA] 
0.50 -

0,40 -

0.30 -

0.20 -

0.10 -

0.00 
-70.00 -50.00 -30.00 -10.00 10.00 30.00 50.00 70 

Programing Voltage [V] 

Fig. 42 Programming characteristic; IDS after a 125 ms write pulse. Wafer 
UofA17, chip (23/16), device CTR1L. 

The typical sequence used in the characterization of the detector is shown 

in Fig. 43. The first step in this procedure is the initialization of the detector. 

The necessity of this step was established by the simulation; if the potential on 

the floating gate already reflects a saturated state, further ESD pulses will not 

change the floating gate voltage. The initialization maximizes the threshold shift, 

if selected under consideration of the expected polarity of the ESD pulse, (eg. 

initialize the detector into positive saturation (with a negative programming pulse) 

to maximize the negative shift expected from a positive ESD pulse.) The detector 

is then characterized to verify the proper initial state and to establish the exact 

pre-ESD condition. Then the ESD pulse is applied to the sense pad of the detector 

and followed by a second characterization to determine the post-ESD condition. 
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This procedure with the initialization, the characterization and the pulse exposure 

can be repeated. For the case where the ESD pulse caused no or only a small change 

in the transistor state, the initialization is not needed at each step. 

Functional 
check 

Initialization & 
progamming 

Parameter 
Measurement 

ESD Pulse 
Exposure 

Parameter 
Measurement 

A 

Fig. 43 Block diagram of the testing sequence. 

In the implementation, the HP9000 first sends the desired pulse magnitude 

to the pulse generator, and then applies the programming pulse to the chip. The 

parameter analyzer switches the probes to the measurement channels and takes one 

set of measurements. The data axe transferred to the computer. There, a linear 

regression is performed to extract either the threshold voltage or the average of the 

drain current. These data are then printed together with the difference from the last 

measurement (the shift of the parameter). The regression parameter can be used to 

determine the reliability of the measurement; If for example a large leakage current 

is present, the measurement varies during the measurement period and the variance 

of the regression becomes large. Figure 44 shows an example of this procedure. 
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Several such measurements lead to one data point in the ESD sensitivity 

characteristic. Finally, all these data points for several ESD magnitudes and several 

different ESD detectors are gathered in Fig. 45 for the positive ESD pulses and in 

Fig. 46 for the negative ESD pulses. These two Figures present the core results of 

this thesis. 

Wafer 
UOFA 17 

Wafer 
UOFA 23 

ED_5 X 4.6 • 13.5 

ED JO • 5.4 o 16.3 

CTR1L + 9.9 • 31.6 

Table 5 Capacitance ratios of the Detectors in Figures 45 and 46. 

B. Discussion of the experimental Results 

The experimental results for the detector experiment were shown in Figs. 

45 and 46. The characteristic for the ESD sensitivity for positive ESD pulses is 

exactly as expected from the modeling in section 2.2. Low ESD pulses cause no 

shift in the drain current. For the most sensitive detector with Rc = 4.6 (cell ED_5) 

this voltage is about +55 V. For ESD pulses higher than about +75 V the same 

detector goes into saturation. Between these two limits the relationship between 
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Fig. 44 HP-sample printout of the sequential measurements to find one data 
point of ESD sensitivity. 
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Fig. 45 AIDS for positive ESD pulses. Fife different capacitance ratios axe 
shown. Note that by selecting the appropriate capacitance ratio, any 
ESD magnitude can be detected. 
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Fig. 46 A IDS for negative ESD pulses. Fife different capacitance ratios are 
shown. 
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ESD pulse magnitude and drain current shift is linear as expected. A comparison 

of the experimental results and the simulation is shown in Fig. 47 and Eq. (4-1). 

For the negative ESD pulses the relationship is similar. The range of sensi

tivity is identical, however, the detector is destroyed by higher magnitudes of ESD 

pulses, such that the saturation region cannot be observed. This effect is probably 

due to the lower tunneling current magnitude for negative gate voltages shown in 

Fig. 41. 

Even though the ESD detector has, to some extent, the same problems as 

product chips, namely being destroyed by high-magnitude events, the detector mea

sures the ESD pulses very reliably, as long as this breakdown voltage is not exceeded. 

The wear-out effect, displayed in Fig. 14, has only minor effects. Repeated mea

surements with the same detector have shown no observable sensitivity degradation. 

With the same magnitude of simulated ESD pulses it was common to measure 

identical drain current shifts, within the resolution of the HP4145. Moreover, the 

variation in the range of the sensitivity of different device is negligibly small, even 

though variations in the tunneling current across the wafer are observed. If an 

ESD pulse of small magnitude is applied multiple times, without an initialization of 

the device in between, the drain current just keeps shifting until the drain current 

value is close to the saturation region. This reflects proper behavior for multiple 

discharges, which are quite common. 

These results show good agreement with the simulation in section 2.4. The 

simulation results for the threshold shift as a function of the ESD magnitude are 

not accurate enough to relate the measured shifts to the ESD magnitude. For this 

purpose the characterization measurements in Fig. 45 are better suited. However, 

for the comparison of the accuracy of the simulation with the experimental results, 
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Fig. 47 Experimental relationship between the capacitance ratio Rc and the 

detectable range of ESD magnitudes. '+' refers to the center of the 
range and denotes the limits of the range. 

the relationship between the capacitance ratio Rc and the range of measured ESD 

magnitudes is more appropriate. Figure 47 is the experimental equivalent of the 

simulation results in Fig. 20. If a linear curve fit to these measurements is made 

Eq. (4-1) results. 

MRead = 13.3 V x .Rc ± 1.3 V x Rc (4-1) 

The fact that this experimental result in Eq. (4-1) is only different by a factor of 

1.6 from the predicted values in Eq. (2-37) is a lucky incident, considering that 

the tunneling current was an assumption. However, this close agreement verifies 

the modeling approach. An attempt to improve the simulation results was made. 

Adjusting the tunneling characteristic helps to improve the model slightly, however, 

does not account for the entire discrepancy in the data. Improvements in the model 
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as discussed in section 2.2D may lead to more accurate simulation results. This, 

however, was beyond the scope of this project. 

The results of the more complex experiments on the wafer showed a linear ex

tension of the results in the last paragraph. The experiment LRD1 for the extension 

of the sensitive range showed the expected result. However, since the simulation 

was numerically incorrect in predicting the spread of the sensitive range, the current 

shift following an ESD pulse was not proportional to the ESD magnitude, though 

it was increasing for increased pulse magnitudes. The experiment AMP5 where the 

ESD detector is connected to an inverter stage to transform the analog current shift 

into a digital signal is much better suited for an expansion of the sensitive range. 

The exact magnitude of the ESD pulse is lost; however, the range can be divided 

into several sub-sections for sufficient resolution. This way, the uncertainty of the 

meaning of the absolute drain current value from a simple parallel connection as in 

LRD1 is removed. 

From these measurement results several improvements for the next develop

ment stage can be suggested: 

1.) One of the major problems of the detector is the characteristic for negative 

pulses. That the tunneling current for negative voltages is smaller is in 

part due to the channel doping. Negative gate voltages require positive 

carriers (holes) in the area beneath the tunneling oxide. Since the channel is 

negatively doped from the depletion mode adjustment implant the electrons 

available favor positive gate voltages. A possible solution to this problem 

is the concurrent design of p-channel and n-channel detectors on the same 

chip. 
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2.) The characteristics of the transistor below the floating gate are shown with 

the CHR2 device. These characteristics, shown in Figs. 39 and 40 can be 

improved to define the relationship between the voltage on the floating gate 

and the drain current better. Also the leakage current due to no or only a 

small channel stop implant can be reduced. 

3.) The read-in of the device needs to be customized for each application. For 

example, while testing for a discharge occurring at the edge of the wafer, a 

particular 'antenna', ie. a metallization along the wafer edge, reduces the 

technician's labor significantly, since now only the connected devices need 

characterization, rather than every device on the wafer. 

4.) For the application of this detector in the field, the characterization proce

dure needs to be simplified. One improvement is the digital read-out with 

a circuit similar as in AMPS. Since the process is compatible with other 

standard processes, one could integrate digital display- or interface driving 

circuits. This would ease the testing of the detector chip further. 

5.) The integration on this chip can be increased arbitrarily. It would be advan-

tagous for the ease of the ESD measurement, if the necessary programming 

pulse would be generated on the chip. A second control gate (as in CTR1) 

could be connected to a boost circuit. This circuit would generate the high 

programming voltage pulse similar to the way in which the write pulse in a 

standard single-supply-voltage EEPROM is generated. 

6.) Finally, through the availablity of different insulating materials for the tun

neling gate, an improvement in the breakdown can be achieved. There is 

also the possibility to tailor the tunneling characteristic of the gate oxide 
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through special process control. As the simulation in Fig. 21 shows, im

provements are possible if the competing properties of field strength leading 

to breakdown and the tunneling current leading to a large threshold shift, 

could be balanced. Figure 21 suggests that a pure exponential tunneling 

current, however, with a high onset could improve the device characteristics 

significantly. 

Some of these suggestions axe readily implementable in the next turnaround, 

whereas some would require more research. To expand the application of the detec

tor from the wafer area, this wafer can be cut and the chip packaged in a dual-in-line 

or a hybrid package. This way a new, sensitive detector for assembly and all other 

areas of integrated electronics mentioned in the first chapter is available. Together 

with the previous detector for the higher voltages, the entire range of interesting 

voltages is covered. 
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5. SUMMARY AND CONCLUSIONS. 

In this thesis a novel detector for the measurement of electro static discharges 

is presented. A test chip to measure electrostatic discharge (ESD) events was de

signed and fabricated. The structure for the measurement of the pulses was based 

on a floating-gate field-effect transistor. Experiments4 showed that the shift of the 

device characteristics following an ESD event can be used to measure ESD pulse 

m a g n i t u d e s  d o w n  t o  a p p r o x i m a t e l y  5 5  V .  

Electrostatic discharge (ESD) events are responsible for a large percentage 

of the field failures of MOS devices. ESD endangers integrated circuits during op

erations ranging from processing, testing, packaging and shipping all the way to 

assembly at the customer. In an integrated circuit, electrostatic discharges can 

cause voltage and current transients that are far greater in magnitude than those 

encountered during normal operation. Electrostatic discharge problems are exac

erbated by the lack of information as to the magnitudes of these events and the 

locations at which they occur. Low level ESD sources are particularly important 

to detect, since these can cause latent damage, reducing the reliability of the parts. 

This detector provides a new measurement method to obtain quantitative data on 

such events at the wafer level. It is possible to provide appropriate protection at 

the right location only if accurate ESD information is available. 

The major advantage of using a test chip for obtaining information on elec

trostatic discharge events is that the test chip can be exposed to the same environ

ment encountered by product devices. This indicates the magnitude of on-chip ESD 

events more accurately than measurements made using instruments such as electric 

field meters. It also allows the ESD pulse to be measured on the chip without 

distortion of the pulse by external measurement equipment. 
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The structure of the device employed for this ESD detector is based on the 

floating gate field effect transistor. The operation is based on electron tunneling, 

occurring when a high electric field exists across a thin gate oxide. 

The operation of this detector is similar to the operation of the EEPROM 

cell. For the programming or writing of a memory cell, typically a positive voltage 

is applied to the control gate while the drain is kept at ground potential. Electrons 

thereby tunnel from the drain to the floating gate. These electrons remain stored on 

the floating gate even after the positive write voltage is removed. These additional 

electrons act as if a permanent negative gate voltage is applied to the MOS transis

tor. The drain-source current of the device after the pulse is therefore smaller than 

drain-source current Ida before the write pulse, provided the drain-source voltage 

is kept constant. This shift in the drain-source current can also be interpreted as 

a change in the threshold voltage of the transistor. This programming mechanism 

works the same way in the reverse direction (erasing), if the pulse voltage applied 

to the gate is negative with respect to the source. 

In the present case, changes of the geometry in the device and an altered write 

pulse (the ESD pulse) lead to analog-mode operation of the device. A typical human 

body model (HBM) ESD pulse is, according to MIL-STD-883C, much shorter, but 

higher in peak voltage than a typical EEPROM write pulse. The peak voltage Vv of 

electrostatic discharge pulses encountered in production and assembly environments 

ranges between approximately 50 V and about 10 kV. These ESD pulses are used 

in this test cell as the write pulses and the step of exposing the sense electrode to 

an ESD pulse is called the read-in of the ESD pulse magnitude. 

For the design of this device a simple model was developed. The structure 

with the floating gate and the sense electrode is viewed as a capacitive voltage 
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divider consisting of the capacitance between the sense electrode and the floating 

gate, and the capacitance of the floating gate with respect to the grounded source. 

This divider scales the ESD pulse by the capacitance ratio such that the voltage at 

the floating gate is non-destructive for the thin gate oxide, but sufficient to cause 

a charge transfer to the gate. The charge transfer obeys the Fowler-Nordheim tun

nelling relationship and is controlled by the electric field in the thin gate oxide 

determined by the floating gate voltage V2. This tunneling current changes the 

charging state of the floating gate, leading to a threshold voltage shift. A simple 

mathematical description can be obtained from these relationships. The resulting 

nonlinear differential equation was numerically solved for typical ESD pulses and 

several different capacitive divider ratios. The results show that for ESD magni

tudes below the sensitivity limit no shift in the threshold voltage can be observed. 

However, for a range of ESD pulse magnitudes, an almost linear relationship be

tween the pulse magnitude and the resulting shift in the threshold voltage results. 

For ESD pulses beyond the linear region the amount of charge on the floating gate 

saturates and no further increase in the threshold shift occurs. This range of sensi

tivity is dependent on geometry and is therefore available as a design parameter. 

The E field predicted by the simulation for ESD voltages near the upper 

end of the linear region approaches oxide breakdown values. For a short instant 

the peak tunneling current also exceeds the values that could be sustained over a 

longer period without destroying the tunneling oxide. These simulation results were 

used for the design of the test chip for the measuring of low-magnitude electrostatic 

discharge pulses. 

According to the design methodology developed with the help of the simu

lation, a standard ESD detector cell was designed. The layout of the entire chip 
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includes more than 40 such detector transistors arranged in several different experi

ments to test the operation of the detector. Several experiments to test application, 

ease of read-out and detector range and accuracy axe also included in the layout. 

The process used for the manufacturing of the chip is a modified NMOS pro

cess. The starting material was p-type silicon doped to 2 X 10lscm-3. A threshold 

voltage adjustment implant was performed to build depletion mode transistors in 

order to obtain a symmetric response for both polarities of ESD pulses. The high 

quality gate and tunnel oxide was 100A thick. The floating gate consisted of an 

n-doped polysilicon layer. The drain and source were then formed using a self-

aligned process. To obtain various capacitance ratios, wafers with several different 

thicknesses of the phosphosilicate glass on top of the polysilicon were used. The 

process required six mask levels, and the minimum feature size was 2.6 /zm and the 

processing was done by AT&T in Allentown. 

The ESD test structure was characterized on the wafer level with a manual 

probe station, an HP4145B semiconductor parameter analyzer, a programmable 

pulse generator and an IMCS electrostatic discharge simulator were used. All the 

measurement equipment was controlled by an HP9000 computer. 

After an inital functionality check, the actual ESD_sensitivity was deter

mined. Measurement of the transistor characteristics required that great care be 

taken to ensure that the VR or the IDS was not disturbed during the measurement. 

To some extent, such a disturbance is always present in a measurement that applies 

a gate voltage to the control gate, which is necessary in order to determine the VT 

of the transistor. In order not to diminish the accuracy, the VT measurement was 

replaced by a measurement of IDS at 0.1 V drain-source voltage while the control 

gate was grounded. 
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All devices were initalized to a constant value of IDS to provide maximum 

sensitivity. Extensive characterization was performed using ESD pulses generated 

by the simulator and also by triboelectric charging. Each ESD event was preceded 

by an initialization and followed by electrical characterization. 

The results of the characterization of the test chip qualitatively confirm the 

anticipated operation of the ESD detector. With these devices ESD pulse mag

nitudes between 55 V and 300 V can be measured. The drain current shift was 

measured as a function of the ESD pulse magnitude for positive and negative ESD 

pulses, respectively. The curves for the different capacitance ratios clearly scale as 

prediced by the model. Devices designed for larger magnitude ESD pulses did not 

scale in the same way, but still exhibited sensitivities up to 4000 V. However, more 

investigations need to be performed to determine the cause of this phenomenon. 

For positive pulses the range of sensitivity was limited by saturation as ex

pected, while for negative pulses the upper limit was determined by device failure. If 

the pulse magnitude is kept below this breakdown voltage for the particular device, 

no limit on the number of ESD events was observed. Up to at least one hundred 

pulses, no degradation of the device characteristics was measured. 

Conclusions 

A new test structure for the measurement of ESD pulses using a floating 

gate transistor was presented. It was found that ESD pulses of a wide range of 

magnitudes can cause a shift in the threshold voltage of a floating gate transistor. 

The change in device characteristics was quantified by measuring the drain 

current. For a given geometry, the response was proportional to the magnitude of 

the ESD event for a particular range of voltages. This particular range of sensitivity 
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also scales linearly with the capacitance ratio of the presented devices. For larger 

ratios of capacitance a different scaling mechanism was observed. 

The lowest sensitivity determined was 55 V". This is sufficient to locate 

sources of ESD damage in modern devices. With this test chip, quantitative in

formation on ESD events can be obtained and ESD sources can be located. 
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APPENDIX A. PISCES II-B 

This Appendix shows PISCES input files used for the device simulations. 

Title thesis example device 
$ 
$ 
Mesh rect nx= 17 ny=15 outf=fgl7-grd 
x.m node= 1 1 = 0 r=l 

x .m node= 5 1 = 5 r=. 66 
x.m node= 8 1 = 10 r=l • 5 
x.m node= 9 1 = 15 r=l 

x.m node=l1 1 = 20 r=. 66 
x.m node=l 4 1 = 25 r=l 

x.m node=l7 1 = 30 r=l .33 
y .m node= 1 1 = 0 r=l 

y .m node= 5 1 = .67 r=l 

y .m node= 7 1 = 1.07 r=l 

y .m node= 9 1 = 1.08 r=l 

y .m node=l2 1 = 1.2 r=l 

y .m node=l5 1 = 5 r=l • 5 
$ 
Region num=l X. 1 =  1  i X •  h =  5  iy-

= 
1  iy .  h =  7  S i 02 

Region num=2 X. 1  =  1 4  i X .  h =  1 7  iy. a  l iy .  h =  7  5 i 02 
Region num=3 X. 1 =  5  ix .  h =  1  i f  iy. 

= 
l iy . h= 5 Si 02 

Region num=4 X. 1 =  5 i X ,h=lk iy-
= 
5 iy . h= 7  s i1i con 

Region num=5 X. 1 =  1  i X .h=l 7  iy. 
= 

7  iy . h= 9 S i 02 
Region num=6 X. 1 =  1  i x . h=1 7  iy. 

= 
9 • y . h= 1 5  s i1i con 

$Backcontact 
elect num=l fx.1 = 1 ix.h=17 i y.1 = 75 iy.h=15 

$Top-plate 
elect num=2 ix.1 = 11 ix.h=l4 iy-1= 1 iy.h= 1 
$ 
$Floati ng-gate 
elect num=3 ix.l=6 i x.h=13 iy.I = 6 iy.h= 6 
$ 
doping uniform reg='t conc=le20 n.type 
doping uniform reg=6 conc=lel6 p.type 
$ 
plot.2 cross bound no.tic 
$no.f i11 
$ 
end 

File FG17.in 

With this input, the grid and the structure for the simulation is defined and 

stored in the file fgl7.grd. 
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Title 
$ 
Mesh 
$ 
contact 
contact 
contact 
$ 
symb 
method 
$ 
log 
solve 
solve 
solve 
solve 
solve 
solve 
$ 
end 

Floating-Gate-Transistor Simulation version #p01 transient 

i n=fgl7 -grd 

num=l neutral 
num=2 neutral 
num=3 neutral current 

newton carr=2 
autonr -'tauto 

outf=capl7d.O 
i ni t v2=0 elect=2 
v2= 0 
v2= 
v2= 
v2= 
v2= 

80 
80 
0  
0  

tstep=5e-l' tstop= 0.10e-9 
tstep^e-lO tstop= l6.00e-9 ramptime=15e~9 

tstop= 20.00e-9 
tstop=170.00e-9 ramptime=l50e~9 

tstep=5e-10 
tstep=5e-09 
tstep=2e-09 tstop=l80.00e-9 

File FGSlT.in 

This example shows a simulation with constant time steping for an input 

voltage ramp to 80 V and back to zero. 

Title ploting 
$ 
SOption tek 
mesh in=fgl7-grd 
$ 
$ I-V curves or similar work only 
$plot.2 bound crosses pause 

if there is a LOG file defined 

$ 
p l o t . 1  
S p l o t . 1  
p l o t . 1  
S p l o t . 1  
p l o t . 1  
S p l o t . 1  
end 

i nf=capl7d.0 
i nf=cap09a.0 

i nf=capl7d.0 
i nf=cap09a.0 

i nf=capl7d.0 
i nf=cap09a.0 

x.ax=time y.ax=i2 
x.ax=time y.ax=i2 unch pause 
x.ax=time y.ax=v2 min=0 
x.ax=time y.ax=v2 min=0 unch 
x.ax=time y.ax=v3 
x.ax=time y.ax=v3 unch pause 

pause 

File PLld.in 

This file shows an example input for the ploting of the simulation results. 
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APPENDIX B. ACSL and CTRLC 

This Appendix shows the input files for CTRLC and ACSL. 
l >  // 
[ >  / /  C u r v e  f i t t i n g  t o  p u b l i s h e d  d a t a  f r o m  r e f e r e n c e  2 .  
[ >  / /  T h e r e  a r e  9  d a t a  p o i n t s  r e a d  o f  t h e  g r a p h .  
[ >  // 
[ >  e l 0 ( l ) = 3 . 0 7 ; e l 0 ( 2 ) = 4 . 7 4 ; e l 0 ( 3 )  = 5 . 5 8 ; e l 0 ( 4 ) = 6 . 2 3 ; e l 0 ( 5 ) = 6 . 9 6 ;  
[ >  e l O ( 6 ) = 7 . 5 6 ; e l O ( 7 ) = 7 . 9 5 ; e l O ( 8 )  = 8 . 4 9 ; e l 0 ( 9 ) = 8 . 8 3 ; j l 0 ( l ) = l . 4 1 d - 9 ;  
[ >  j l 0 ( 2 ) = 5 . 2 2 d - 9 ; j l 0 ( 3 ) = 1 . 4 1 d - 8 ;  j l 0 ( 4 ) = 3 . 4 7 d - 8 ; j l 0 ( 5 ) = 9 . 7 3 d - 8 ;  
[ >  j l O ( 6 ) = 2 . 4 2 d - 7 ; j l O ( 7 ) = 6 . 7 7 d - 7 ;  j l O ( 8 ) = 2 . 5 1 d - 6 ; j l O ( 9 ) = 6 . 2 9 d - 6 ;  
[ >  // 
[ >  / /  c r e a t e  t h e  M a t r i c e s  f o r  t h e  l e a s t  s q u a r e  f i t :  
[ >  // 
[ >  f o r  i = l : 9 ;  Y ( i )  =  l o g  (  J 1 0 ( i )  /  E l O ( i ) * * 2  ) ;  e n d ;  
[ >  f o r  i = l : 9 ;  X ( i , l )  =  1 ;  X ( i , 2 )  =  1 / E 1 0 ( i ) ;  e n d ;  
[ >  // 
[ >  C  =  i n v ( x '  *  x )  *  x '  *  y ;  
[ >  K l l  =  e x p ( C ( l ) )  

K l l  = 

2  .  1 0 5 3 2 8 5 7 7 5 2 1 9 2 1 D - 0 7  

[ >  K 2 1  =  C ( 2 )  

K 2 1  = 

- 2 6 .  4 7 6 0 1 5 5 3 5 1 2 8 9 5 9  

[ >  / /  
[ >  / /  c h e c k  t h e  f i t  b y  p l u g g i n g  i n  t h e  c a l c u l a t e d  K l ,  K 2  
[ >  / /  
[ >  f o r  i = l : 9 ;  J f ( i )  =  K l l  *  E 1 0 ( i ) * * 2  *  e x p ( K 2 1 / E 1 0 ( i ) ) ;  e n d ;  
[ >  / /  H o w  c l o s e  i s  t h e  o p t i a m l  F - N  f i t  f r o m  t h e  d a t a ?  
[ >  e r l  =  n o r m (  J I O  -  J f )  

E R l  

5 . 7 7 9 1 6 7 0 8 5 5 4 6 9 5 4 D - 0 6  

File FIT2.CTR 

This is the CTRLC diary file from the exectution of the curve fitting proce

dure described in section 2.2. (continued on the next page) 



[>  / /  

[ >  / /  t e s t  a  F - N  f i t  e m p h a z i s i n g  t h e  u p p e r  d a t a  p o i n t s :  
[ >  / /  

[ >  f o r  i = 4 : 9 ;  Y ( i — 3 )  =  l o g  (  J 1 0 ( i )  /  E 1 0 ( i ) * * 2  ) ;  e n d ;  
[ >  f o r  i = 4 : 9 ;  X ( i - 3 , 1 )  =  1 ;  X ( i - 3 , 2 )  =  1 / E 1 0 ( i ) ;  e n d ;  
[ >  C  =  i n v ( x '  *  x )  *  x '  *  y ;  
[ >  K 1 2  =  e x p ( C ( l ) )  

K 1 2  

0 . 0 0 3 5 9 2 3 9 2 2 8 5 1 3 8  

[ >  K 2 2  =  C ( 2 )  

K 2 2  

- 9 8 . 4 2 2 1 0 1 3 2 1 9 4 5 3 2 9  

[ >  / /  c h e c k  a g a i n  
[ >  f o r  i = 4 : 9 ;  J g ( i - 3 )  =  K 1 2  *  E 1 0 ( i ) * * 2  *  e x p ( K 2 2 / E 1 0 (  
[ >  e l l ( i - 3 ) = e l 0 ( i ) ; e n d ;  
[ >  e r 2  =  n o r m (  J 1 0 ( 4 : 9 )  -  J g )  

E R 2  

2  . 2 7 9 1 1 4 5 5 8 6 1 0 5 4 1 D - 0 6  

t >  / /  
[ >  / /  p l o t  t h e  c o m p a r i s o n :  
[ >  / /  
[ >  p l o t ( [ 4 , - l d - 6 ; 1 0 , 4 d - 6 ; 1 , l d - 6 ] , ' s c a l e ' ) ;  
[ >  p l o t ( e l O , j l 0 , e l 0 , j f , e l l , j g )  
[ >  t i t l e ( ' F - N  f i t s  t o  p u b l i s h e d  d a t a ' ) ;  
[ >  p a u s e ;  p l o t ( ' s c a l e ' ) ;  e r a s e ;  
[ >  p l o t ( e l O , j l 0 , e l 0 , j f , e l l , j g , ' l o g y ' )  
[ >  t i t l e ( ' F - N  f i t s  t o  p u b l i s h e d  d a t a ' ) ;  
[ >  d i a r y  - o f f  

File FIT2.CTR ( c o n t )  
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/ /  i n i t i a l  o f  t h e  a c s l  s i m u l a t i o n  

/ /  
[ t ] = s t a r t ;  
/ /  t r a n s f e r  t h e  v a r i a b l e s  
a 2 c l i s t ( ' A , B , D 2 , A 2 , D l , K l , K 2 , V p , R c , V 2 0 , T m x , T c h g , C i n t ' )  

// 
a 2 c l i s t ( ' C 1 , C 2 ' ) ;  

// 
C i n t = c i n t / 1 0 0 ;  

// 

/ /  b a s i c  c o n t r o l  o f  t h e  a c s l  s i m u l a t i o n ,  f i l e :  a . c t r  

/ /  
/ /  t r a n s f e r  t h e  v a r i a b l e s  
c 2 a l i s t ( ' A , B , D 2 , A 2 , D l , K l , K 2 , V p , R c , V 2 0 , T m x , T c h g , C i n t ' )  

/ /  
/ /  s t a r t  t h e  A C S L  s i m u l a t i o n  

/ /  
[ t , V e s d , V 2 , j t u n , i t u n , v 2 d o t , E 2 , Q f g J = s t a r t ;  

/ /  
c i n t = c i n t / 1 0 0 ;  
/ /  c a l c u l a t e  s o m e  o t h e r  p a r a m t e r e s  o f  i n t e r e s t  
a 2 c l i s t ( ' c l , c 2 ' ) ;  
// 

File A.CTR 

These are the two main CTRLC procedures, used for the control of the 

simulation of the ACSL program. The first procedure initializes the ACSL 

model and defines all the CTRLC variables. The second file executes the 

ASCL simulation defined by the initial parameters form t=0 to t=Tmx and 

transfers the result back into CTRLC. The initial conditions are recovered. 



PROGRAM ESD detector version x04 : file post04.csl 

INITIAL 

CONSTANT _ 
Kv - 1.47, _ 
A - 0.25, B - 0.027, -
D2 - 100E -8, A2 - 262E-8, -
D1 - 4500E-8, _ 
K1 - 3.6E-3, K2 - -98.4, -
Vp «• 100, Rc ™ 262, _ 
V20- 0, Tmx - 250, Tchg - 5 
Tchg2-10*Tchg 
C2 - 8.854E-14*3.9*A2/D2 
C1 - C2 * (1 /(Rc -1)) 

CINTERVAL _ 
cint - 0.025 

SKEDTECT chg.change) 
SKEDTE(Tchg2,change) 

END $ "of INITIAL" 

DYNAMIC 
DERIVATIVE 

Vesd - Vp*Kv*( exp( -1*B*t ) - exp(-1*A*t)) 
Vesddt - Vp*Kv*( -1*B*exp(-1*B*t) + A*exp(-1*A*t)) 
V2 - integ(V2dot,V20) 
v2dot - (1 /(C1 +C2))*(C 1 *Vesddt - itun) 
jtun - K1 » E2 * abs(E2) » exp( K2/abs(E2+1E-6)) 
itun =» jtun • A2 
E2 - V2/D2 * 1E-6 
Qfg - integ(jtun,0) 

END $ " of DERIVATIVE " 

DISCRETE change 
cint - 10*cint 

END $ "of DISCRETE change" 

TERMT ( tge.tmx ) 
END $ " of DYNAMIC " 

END $ " of PROGRAM " 

File ESD17.CSL 

The ACSL input file defining the model of the ESD detector. 
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APPENDIX C. SUPREM IV 

This Appendix shows the input file for SPUREM IV and the CTRLC calculations 

used for determining the threshold voltage as function of the depletion implant dose. 

# It's the process of the revision of 2.4r1 
# this is the process used for the wafers 17 through 25 
# 

# ESD detector — process simulation inital steps including field oxidation 
# 

set echo 

# mesh definition 
line X loc-0 spac-5 tag-it 
line X loc-3 spac-3 
line X loc-15 spac-1.0 
line X loo 17 spac-0.8 
line X loc—18.8 spac-1 
line X loc-20.0 spac-2 tag-rt 

line y loc-0 spac-0.0200 tag-surf 
line y Ioo0.1 spao0.0200 
line y loc-0.2 spac-0.0600 
line y loc-0.7 spac-0.2000 
line y loc-3 spac-3 tag-back 

# substrate definition 
region silicon xlo-lt xhi-rt ylo-surf yhi-back 
bound expo xlo-lt xhi-rt ylo-surf yhi-surf 
init boron conc-2.0e15 ori-100 

# start of process : Field oxidation 4000A 
deposit oxid thick-0.4 
plot2 b y.mi—0.5 y.max -1 fill line.b-2 diam 

# channel stop implant through field oxide 
implant bor dose - 1.5e12 energy-130 pearson 

# etch the field oxide 
etch oxide right p 1.X-4.5 pl.y—1 p2.x-5.5 p2.y -0.1 

File esd24.in 

Input for the SUPREM process simulation. The doping profiles for the 

PISCES simulation in Fig. 24 were extracted from these simulation results, 

(continued on next page) 



# grow pad oxide -200A 
deposit oxide thick-0.02 

plot2 fill bound y.max-1 

# save the structure 
# struct outf-esd3f.str 

# ESD detector — process simulation steps of depletion implant 
# mesh definition 
#init inf-esd3f.str 

# depletion implant through resist mask and pad_oxide 
implant ars dose - 3e12 energy-80 pearson 

#remove the damaged pad oxide 
etch oxide dry thick-0.02 

# remove the implant mask 
etch photo all 

# grow the high quality gate oxide 
oxide init-0.0050 

piot2 b y.max -0.1 fill line.b-2 
diffuse time-20 temp-900 dryo2 movie-"plot2 b clear-f axis-f line±)-1 

# deposition of poiysiiicon 4000 A 
deposit poly thick-0.4 

# spin photoresist and define the gate area 
deposit photo thick-0.25 
etch photo left p 1.x-15 pl.y—0.1 p2oc-1S p2.y—1 
etch photo right p 1.x-18.8 pl.y—-0.1 p2j<-18.8 p2.y—1 

plot2 bound fill y.ma-0.4 

#etch the poiysiiicon 
etch poly dry thick-0.41 
etch photo all 
plot2 bound fill y.ma-1 

# drain/source implant through oxid mask and gate_oxide 
implant phos dose - 3e14 energy-60 pearson 

# remove the damaged gate oxide in drain/source areas 
etch oxide dry thick-0.0150 

# just for that it runs (bug in the SUPREM due to specific grid) 
# this is ok, since interest is only in silicon doping profile 
etch poly all 

# drive in and thermal oxid growth{ base to cvd oxide) 
oxide init-0.0005 
plot2 b y.mi—0.2 y.max -0.15 fill line±>-2 
diffuse time-45 temp-950 dryo2 movie-"plot2 b clear-f axis-f line.b-1 

#save the structure file 
struct outf-esd3o^tr 
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_ Assignment of all Variables necessary . 

q m 1.60-19 
ni 1e10 
epsiO am 8.854e-14 
phigs •m - 0.60 
Qss « 1e11 
Qox =. 0 
xox a 100 
Nbc Bi 2e15 
Nd 91 0 
xd aa 0.1 
Na m 0 
xa - 0.2 

Cox - epsiO * 3.9 / ( xox * 1e-8 ) 
Vfb - phigs - q * Qss / Cox - q * Qox / Cox 
xdi - xd * 1e-4 
xai - xa * 1e-4 
ndi = nd / xdi 
nai » na / xai 
ns - nbc + nai - ndi 
if ns > 0 then Vst - 0.026 * log ( nbc * ns / ( ni*ni ) ) 
if ns < 0 then Vst = 0.026 * log ( nbc / ( -1 * ns ) ) 
Nie - Na - Nd 
Vi - q * Nie / Cox 
qd20 - 2*q*epsi0*11.9 * nbc * Vst 
qd21 - q*q*nbc*(Ndi*xdi*xdi) 
qd22 - - q*q*nbc*(Nai*xai*xai) 
Qd - sqrt { qd20 + qd21 + qd22 ) 
Vd - Qd / Cox 
vfb, vst, vi, vd 
Vt - Vfb + Vst + Vi + Vd 

File THRESH.CTR 

This the CTRLC procedure with the initialization used for the analytical 

threshold voltage calculation. 
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APPENDIX D. FABRICATION PROCESS 

This Appendix shows the proposed and the final adjusted process sequence 

used for the fabrication of the chip. 

Proposed Process Outline for ESD Sensor 

( self aligned NMOS process with one polysilicon and one metal 
layer ) 

Version 2.4r ( July 1989 ) Heinz Lendenmann 

(A) WAFER PREPARATION 

1. uniform p-type 2*10el5 cm-3 <100> 
{ measurement } resistivity 
2. standard initial wafer clean 

(B) INITIAL OXIDATION 

1. growth of 4000A of oxide: 1000 C, 35 min, wet 02 
2. { optional ) channel stop implant 

Boron, 130 keV, 1.5*10el2 cm-2 
{ measurement } oxide thickness 

(C) ACTIVE AREA FORMATION 

1. standard phototransfer mask #1, "Source/Drain", (n+) 
2. etch exposed oxide 

(D) DEPLETION MODE THRESHOLD VOLTAGE ADJUSTMENT 

1. grow 200A pad oxide 900 C, 35 min, dry 02 
2. standard phototransfer mask 82, "Depletion", (dpi) 
3. pre-implantation bake 
4. implant: Arsenic, 80keV, 3.5*10el2 cm-2 
5. remove photoresist 
{ measurement } sheet resistance of monitor wafer 
6. etch pad oxide (dip-etch) to get clean Si in active area 

(E) HIGH QUALITY GATE OXIDE GROWTH 

1. grow 100A of oxide: 900 C, 20min, dry 02 with 3% HCL 
{ measurement } oxide thickness of monitor wafer 
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Proposed Process Outline for ESD Sensor ( cont ) 

(F) POLYSILICON DEPOSITION AND GATE DEFINITION 

1. deposit polysilicon: thickness 0.4 urn, heavily n-doped 
2. standard phototransfer mask #3, "Gate_poly", (gat) 
3. etch polysilicon 
4. remove photoresist 
5. { optional } grow pad oxide 200A: 900 C, 35min, dry 02 

(G) DRAIN AND SOURCE IMPLANTATION 

1. implant: Phosphorus, 70keV 3*10el5 
2. { optional } remove damaged pad oxide (dip-etch) 
3. drive in: 900 C, 50min, dry 02 
{ measurement } sheet resistance and junction depth of 

monitor wafer 

(H) FIELD OXIDE DEPOSITION 

1. deposit CVD oxide: 2000A, 4500A, 6900A ( 3 batches ) 
2. { optional ) densification 
{ measurement ) oxide thickness 
3. standard phototransfer mask #4, "Contact cut", (cut) 
4. etch contacts 
{ control contact etch } 

( I )  M E T A L I Z A T I O N  

1. deposit aluminum 
2. standard phototransfer mask #5, "Metal", (alu) 
3. metal etch and forming gas anneal 

(J) PASSIVATION 

1. deposit passivation layer 
2. standard phototransfer mask #6, "Over_glass", (ogl) 
3. contact pad etch 

(K) PACKAGING 

1. standard 40 pin DIP for few of the chips of each thickness 
bonding according to note on layout plot 

For more detailed remarks and explanation of each step please see 
attached sheet. 



Final adjusted process log from AT&T. 

Engineer : A. 0. Bridges 
Code / Lot : Univ. of AZ Exp. 
Purpose of experiment : Make ESD Tester for Univ. of Arizona 
Date: 8-7-89 
No. of Wafers: 25 

Starting material: P48U046 Boron 2E15 <100> 
STEP 

1 SULF/PEROX CLEAN 
2 PR COAT 
3 LASER SCRIBE UOFAOI - UOFA25 
4 RESIST STRIP S/P 10:1 
5 SULF/PEROX CLEAN 
6 CLEAN MEGASONICS 
7 CLEAN 15/1 RECIR. 1 minute 
8 INITIAL STEAM OXIDE 4000 A 
9 MEASURE OXIDE THICKNESS: 4077 A - 4025 A 
10 BORON 170KEV 1.5E12 WAFER 17 - 25 ONLY 
11 PR #1 SOURCE/DRAIN 
12 OXIDE ETCH 6 minutes ( CHECK FOR PHOBIC ) 
13 RESIST STRIP S/P 10:1 
14 SULF/PEROX CLEAN 
15 CLEAN 15/1 1 MINUTE 
16 DRY OXIDE (HCL) 900C 200A 
17 MEASURE THiCKNESS ON CONTROL 199 A - 188 A 
18 PR #2 DEPLETION 
19 IMPLANT ARSENIC 80KEV 
19A 2E12 WAFERS 1 - 8 { CONTROL # 332 ) 
19B 2.5E12 WAFERS 9 - 16 ( CONTROL # 334 ) 
19C 3E12 WAFERS 17 - 25 { CONTROL # 333 ) 
20 PLASMA PR STRIP 
21 SULF/PEROX CLEAN 
22 CLEAN 15/1 2MINUTES 
23A DRY OXIDE (HCL) 900C 100A WFR 1.2,3,4,6,7,11,12,14,15,17,19,20,22,23 
23B 900C 130A WFR 5,8,10,13,16,18,21,24,25 
24 MEASURE OXIDE THICKNESS A: 140 A - 125 A, B: 105 A - 91.4 A 
25 DEPOSIT UNDOPED POLYSI 4500 A 
26 MEASURE POLYSI THICKNESS : 4409 A - 4509 A 
27 PHOS DIFFUSE 950C 
28 MEASURE Rs ON CONTROL 9.6 
29 CLEAN PHOS GLASS-BHF 2.5 MINUTES 
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30 PR #3 GATE POLY 
31 MEASURE GATE POLY-PR 
32 PLASMA POLY ETCH 
33 MEASURE TOX IN GRID: <100 A - 120 A 
34 PLASMA PR STRIP 
35 RESIST STRIP S/P 10:1 
36 MEASURE POLY 
37 SULF/PEROX CLEAN 
38 IMPLANT PHOSPORUS 70KEV 3E15 
39 DRY 02 DRIVEIN 900C 50 MINUTES 
40 MEASURE Rs, x$_j$, ON CONTROL 
41 DEPOSIT 7\% PSG 
41A 2000 A WFR 1,2,9,10,17,18 : 1863 A - 2139 A 
41B 4500 A WFR 3,4,5,11,12,13,19,20,21 : 4362 A - 4844 A 
41C 6900 A WFR 6,7,8,14,15,16,22,23,24,25 : 6753 A - 7255 A 
42 PR #4 CONTACT CUT 
43 PLASMA CONTACT ETCH 
44 RESIST STRIP S/P 10:1 
45 SULF/PEROX CLEAN 
46 -
47 BACKSPUTTER/SPUTTER AL 
48 PR #5 MATEL 
49 WET ETCH AL 
50 PLASMA PR SRTIP 
51 SIN CAPS CLEAN (PRS1000) 
52 AL SINTER ( 350 C ) 
53 SIN CAPS DEPOSITION 
54 PR #6 OVER-GLASS 
55 SIN CAPS ETCH 
56 PLASMA PR STRIP 
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