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Degree Program of Electrical and Computer Engineering
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ABSTRACT

The high current conduction in silicided N+ diffusion resistor and non-silicided
N+ diffusion resistor under the 100nsec pulse condition had been characterized and
modeled carefully in this work. We find the resistances of both types resistors change
with the square root of the stress time. It induces the current decreasing and voltage
increasing with the stress time. The root cause of the non-linear 1V characteristics of
the diffusion resistor under high current stress can be well explained by the
Joule-heating induced the resistance change. In additional, we also find that these two
diffusion resistors during high current stress will appear some different characteristics.
Due to these different characteristics, the silicided device cannot use the same layout

as the silicided blocking device on ESD protection design.
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Chapter 1

Introduction

The passive component (diffusion resistor) had been commonly used by the
integrated circuit industry for a variety of applications. Most of these applications is
related to low power operation, and as such, is not concerned the high current-level
and the resulting effects. However, the diffusion resistor can be the component of the
electrostatics discharge (ESD) protection circuit or is connected in series with output
buffer to suppress the transition noise which are subjected to high current density
level and the resulting effects.

The purpose of this work is to.characterize and model the high current effects in
the two common used diffusion resistors-under a 100nsec transmission line pulse
(TLP) condition and evaluate the electrical and thermal stability of the two diffusion
resistors. Currently, there is limited information available on the high current and
self-heating effects on these structures [1]-[2]. And, it can find an obvious error on the
theoretical model for the diffusion resistor under the high current TLP stress event [2].
Although they had observed abnormal IV during the stress period, they still assume
the stress current is a constant and does not vary with time during the stress period
[2].

This paper will present a model based on Wunsch-Bell model [3] and identify
important parameters related to the high current effects on the silicided diffusion
resistor and silicided blocking (RPO) diffusion resistor. An understanding of these
high current effects will enable the impact of technology scaling of silicided film to be

defined for the development of future nanometer technology and how to develop the
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robust ESD protection device.

Chapter 2 describes two types of diffusion resistors’ structure and NMOS.
Apparatus for high current measurement is also shown in this chapter. Chapter 3
shows the experimental results and discussion. There is a model built in this chapter.
And make a comparison between silicided NMOS and non-silicided NMOS. Chapter
4 describes the resistor application on ESD protection. Chapter 5 is the conclusions of

this thesis.



Chapter 2

Experiment

The technology used in this work is the 0.25-um CMOS silicided process. The
silicided for this technology is Ti silicide (TiSi;). This technology also includes one
silicided blocking (RPO) process to prevent the silicided film formation on the
diffusion or poly if one wants to build the high resistance resistors in the chip for ESD
purpose or circuit application. As a region is covered by the silicided blocking layer
(RPO), this region will become a non-silicided region. The used resistors for this
study are RPO N+ diffusion resistor (Fig. 2.1) and silicided N+ diffusion resistor (Fig.
2.2). The resistor has three terminals. The first terminal is used to apply the stress
voltage (region A in Fig. 2.1 and Fig2.2)--T-he-second terminal is used to monitor the
substrate potential of the diffusion resistor under.the TLP stress event (region B in Fig.
2.1 and Fig. 2.2). The third terminal is the grounded terminal which includes a P+
diffusion and a N+ diffusion (region C in Fig. 2.1 and Fig. 2.2).

Fig. 2.3 shows the apparatus used for the high current IV characteristics
measurement of the resistor under the TLP pulse. The TLP system is used for this
measurement is the commercial Barth-TLP system. It can generate the 0.2nsec rising
time and 100nsec pulse width single pulse and continuously increase the stress current
up to 10A. The pulse is applied to one terminal of the resistor (region A) with
respective to the grounded substrate and other terminal (region C). A 500MHz digital
oscilloscope with 4G/sec sampling rate is used to capture the voltage, substrate
potential, and current waveforms, simultaneously. The voltages are measured using

voltage probes and the current is measured using a 1mA to 5mV current probe (Tek
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CT-1).
For silicided gate-ground NMOS and non-silicided (RPO) gate-ground NMOS,
the layouts are shown in Fig. 2.4. The ESD performance comparison of these two

devices is also presented in this report.
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Chapter 3

Results and Discussions

3.1 DC IV Characteristic

Fig. 3.1(a) and Fig. 3.2(a) show the DC IV characteristics of the RPO N+
diffusion resistor and silicided N+ diffusion resistor versus the temperature (25C,
75°C and 125°C). The applied voltage is from OV to 0.1V to make sure without
Joule-heating generating during the measurement. So, the current can increase with
the applied voltage linearly and decrease with the temperature. Fig. 3.1(b) and 3.2(b)
show the resistances of the two kinds of the diffusion resistors versus the temperature
based on above the measured- results. The-resistances for the two kinds of the
diffusion resistors increase with the temperature linearly and follow the well known
equation for the diffusion resistor.

R(T)=Ro(1+B T) 1)

where R(T) is the dynamic resistance at temperature T('C), B is the temperature
coefficient of the diffusion resistor, R, is the initial resistance at 0°C.

Based on this equation and the results in Fig. 3.1(b) and 3.2(b), the temperature
coefficients are 0.00115/C and 0.00360/C for RPO N+ diffusion resistor and
silicided N+ diffusion resistor, respectively. Although the sheet resistance of the RPO
N+ diffusion resistor (115Q/[ 1) is much higher than that of the silicided N+ diffusion
resistor (3.7Q/[]), the temperature coefficient of the RPO N+ diffusion resistor is
smaller than that of the silicided N+ diffusion resistor. It is because that the silicided
N+ diffusion resistor has two conduction layers (silicided film and N+ diffusion), but

the RPO N+ diffusion resistor only has one conduction layer (N+ diffusion) as shown
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in Fig. 3.3. And the more importance is that the silicided film is similar to a metal
layer. So for silicided N+ diffusion resistor, most stress current will be confined in the
small thickness silicided film, resulting in high current density. Compared with
silicided N+ diffusion resistor, the current density of the RPO N+ diffusion resistor is
smaller since the thickness of the N+ junction is thicker than that of the silicided film.
Although the silicided N+ diffusion resistor has much higher current capability, ESD
designer still uses the RPO N+ diffusion resistor to make the device ESD performance

more robust.

3.2 High Current IV Characteristic For RPO N+ Diffusion Resistor

Fig. 3.4 shows the high current 1-V characteristics of the RPO N+ diffusion
resistor under the 100nsec TL:P stress event. The set-up is shown in Fig. 2.3. A
100nsec current pulse is applied to one-node-of the RPO N+ diffusion resistor (A in
Fig. 2.3) with respect to the grounded.node-of‘the RPO N+ diffusion resistor and
P-substrate (C in Fig. 2.3). The stress current level is increased continuously until the
RPO N+ diffusion resistor was damaged. The voltage and current waveforms of the
RPO N+ diffusion resistor during the TLP stress period are measured simultaneously
by the oscillator-scope during the TLP stress period. After each TLP stress, a DC
meter is used to check the variation of the leakage current of the RPO N+ diffusion
resistor for judging whether the RPO N+ diffusion resistor was damaged by the TLP
stress or not. All measured data’s are transferred to a computer by an IEEE-488 cable.
The computer records the data at 20nsec prior to the end of the TLP pulse and leakage
current to the disk. Based on the recorded values at each stress level, the high current
IV characteristics of the device are constructed as shown in Fig. 3.4.

It is apparent that the high current IV characteristics of a RPO N+ diffusion
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resistor can be divided by four regions (linear region, thermal region, saturation
region and snapback region). For linear region, the current increases with the voltage
linearly. Compared with linear region, the current in the thermal region only can
slightly increase with the voltage. As it goes into the saturation region, the current
cannot increase with the voltage any more. The current was clamped as a constant in
this region until the applied voltage higher than the diffusion avalanche breakdown
voltage. Fig. 3.5 shows the DC IV curve of the RPO N+ diffusion resistor. The current
increases significantly if the applied voltage is higher than 8.5V. As the applied
voltage is higher than the avalanche breakdown voltage, an apparent snapback
phenomenon can be found in Fig. 3.4. The current at this region is higher than the

saturation current. But, the voltage is smaller than the avalanche breakdown voltage.

3.3 Real-Time IV Characteristic:For-RPO N+ Diffusion Resistor
Because the high current 1V curve.only.recodes a single point IV of the RPO N+
diffusion resistor under a 100nsec TLP stress event, it only can tell us that there are
four different characteristics from low stress current to high stress current for the RPO
N+ diffusion resistor but it cannot tell why it has the four different characteristics. In
order to investigate the detail insight of a RPO N+ diffusion resistor under the TLP
stress event, the voltage and current waveforms are used to analysis and see what is

going on for a RPO N+ diffusion resistor under the TLP stress event.

3.3.1 Linear Region
Fig. 3.6(a) shows the current and voltage waveforms of the RPO N+ diffusion
resistor in the linear region under a 100nsec TLP stress event. From 30nsec to 52nsec,

the pulse travels through the measured probes to the RPO N+ diffusion resistor and
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bounces back to the measured probes (Fig. 2.3). At this period, the voltage and current
are the constants. Because of the difference in impedances between the cable and the
test device, the pulse will be reflected based on the formula I'=(Z.-Zo)/(ZL+Zo) [4] as
the pulse reaches the device. The reflected wave will travel back to the TLP system
[5]. As the reflected wave reaches the voltage probe and current probe, one may
observe that voltage has increased sharply and current decreased sharply. This is
because the pulse is a combination of a reflected wave and an incident wave. To do
the TLP measurement, it needs the probe or wire as the inter-connector to connect the
TLP system and the pad of the RPO N+ diffusion resistor. The probe or the wire acts
as an inductor during the rising and falling stages of TLP stress pulse. This gives rise
of the voltage (Ldl/dt) and decreases the current when the pulse touches the RPO N+
diffusion resistor since the inductor-current cannot.be changed in an instant. After this
transient (~52nsec), the pulse starts to stress-the.device. After 131nsec, there is no
incident wave coming in from:the “FLP-system and it has only a reflected wave
traveling back from the device to the measurement probes as one may observe from
the oscilloscope. One may observe that the current has decreased below OA since by
now only the reflected wave exists.

Based on the measured voltage and current in Fig. 3.6(a), the dynamic resistance
(V(t)/1(t)) and the generated power (V(t)xI(t)) can be obtained as shown in Fig. 3.6(b).
It can be found that the resistance and the generated power can keep as the constants
at the TLP pulse stress period. Because this stress level only generates several
milli-watt’s and the P-substrate can provide a good heating-sink source, the
Joule-heating generated by the power can be transferred into the substrate completely
and without leaving any Joule-heating in the RPO N+ diffusion resistor during the
TLP pulse stress period. So, the temperature of the RPO N+ diffusion resistor can be

kept as a constant.
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Based on eq. (1), the resistance will be a constant and the current can linearly
increase with the voltage if the stress condition does not lead the RPO N+ diffusion
resistor temperature increasing. This is why the current of the RPO N+ diffusion

resistor can linearly increase with the voltage if it is biased at the linear region.

3.3.2 Thermal Region

Fig. 3.7(a) shows the thermal region current and voltage waveforms of the RPO
N+ diffusion resistor under a 100nsec TLP stress event. It can be found that the
current decreases and the voltage increases continuously during the TLP stress period.
Based on the measured voltage and current in Fig. 3.7(a), the dynamic resistance
(V(t)/1(t)) and the generated power (V(t)xI(t)) can be obtained as shown in Fig. 3.7(b).
It can be found that the resistance increases and the generated power decreases with
the TLP stress time. Because the generated power caused by this stress had reached
several hundred milli-watt, the-P-substrate-cannot sink all Joule-heating generated
from the power in an instant. As the;RRO _N+diffusion resistor biased at the thermal
region, part of the Joule-heating can be transferred into the P-substrate and part of the
Joule-heating still left in the RPO N+ diffusion resistor to result in the increase in the
temperature of the RPO N+ diffusion resistor. Fig. 3.8 shows the equivalent circuit of
a RPO N+ diffusion resistor under the TLP stress event. The output resistance Rs of
the TLP system is 50ohm. Unlike the resistance of the tested RPO N+ diffusion
resistor varied with the TLP stress time, the TLP output resistance Rs does not vary
with the stress current and can be treated as a constant resistance during the TLP
stress period. And, the output voltage Vs of the TLP system during the TLP stress
period can be treated as a constant voltage. Based on the equivalent circuit, the

resistance change will cause the voltage and current varied with the TLP stress time.
I(t) =V, /(R +R(t)) (2)
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V() =V,RM)/(R, + R(1)) (3)
Based on Wunsch-Bell model [3], the increase in the temperature of a RPO N+

diffusion resistor under a square pulse is a function of the stress time and given by :
T(t) = kP+/t (4)
where generated power P can be approximated as a constant (VZR, /(Rs +R,)?)

during a square pulse.

Substituted eq.(4) into eq. (1), the dynamic resistance can be expressed as :
R(t) =R, (1+avt) (5)

where a=kg P.
So, the current varied with the stress time can be expressed as :
I (t) =\ (R, +Ry(1+axlt)) (6)
And, the voltage varied with the stress time can be expressed as :
V(t) =V, R, @+ avt) (R, + Ry (1+av/t)) @)

From eq. (4), we know that the Joule-heating caused by the generated power (P)
will induce the temperature of the RPO N+ diffusion resistor increasing. And, the
increase in the RPO N+ diffusion resistor temperature will cause the resistance
increasing based on eg. (1). From eq. (5), the resistance of a RPO N+ diffusion
resistor under a TLP stress increases with the square root of the stress time. Fig. 3.7
shows that the calculated resistance based on eq. (5) can fit the measured resistance.
Based on eq. (6) and eq. (7), the increase in the resistance will induce the voltage
increasing and current decreasing as the observed result in Fig. 3.7(a). All the
calculated values based on eq. (6) and eq. (7) can fit the measured curves very well.

Based on eg. (1) and the result in Fig. 3.7(b), this stress will lead in the temperature of

the RPO N+ diffusion resistor increasing about 470°C at the end of the pulse.
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3.3.3 Saturation Region

Fig. 3.9(a) shows the current and voltage waveforms of the RPO N+ diffusion in
the saturation region resistor under a 100nsec TLP stress event. Compared with the
thermal region current (45mA to 30mA), the decrease in the magnitude of the current
(50mA to 30mA) is more sharply. It can be found that the generated power (0.35W)
for the thermal region is higher than that (0.27W) of the thermal region (Fig. 3.9(b)).
The higher the power is, the higher the Joule-heating leaves in the RPO N+ diffusion
resistor to cause the higher increase in the temperature of the RPO N+ diffusion
resistor. Based on eg. (1) and the result in Fig. 3.9(b), this stress will lead in the
temperature of the RPO N+ diffusion resistor increasing about 690 C at the end of the
pulse.

Same behavior as the RPO.N+ diffusion resistor in the thermal region, the
resistance increases with the square.root of the TLP stress time followed the eg. (5) as
shown in Fig. 3.9(b). As the resistance-increases,with the square root of the TLP stress
time, it will induce the stress current decreasing and voltage increasing continuously
with the TLP stress time (Fig. 3.9(a)) which follows the eq. (6) and (7).

By comparing the Fig. 3.7(a) and Fig. 3.9(a), it can be found that the initial
current and voltage (~52nsec in Fig. 3.7(a) and 3.9(a)) can increase with the applied
voltage V.. Subsequently, the current decreases and voltage increases with the TLP
stress time continuously following the above equations. Because the resistance
increase follows the square root term of the TLP stress time, the resistance curve will
show a sharp rising slop at the beginning of the pulse (52nsec~80nsec) and become
flat at the end of the pulse (100nsec~132nsec). It is worth noting that the high current
IV (Fig. 3.4(a)) only records the measured point prior to the end of the pulse 20nsec.
From eq. (6), the current is a function of the applied voltage Vs divided by the

summation of a constant resistance (Rs) and a dynamic resistance. But, the dynamic
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resistance is a function of the applied voltage based on egs. (1) and (4) and can be
expressed as :
R(t) = Ry@+kV2R, Wt /(Rg +R,)?) (8)
At the beginning of the stress pulse, the second term is small and can be
neglected. So, the stress current still increases with the applied voltage. As the stress
time is long enough, the second term of eq. (8) becomes important. It can compensate
the increase in the current caused by the applied voltage, resulting in the current
independent of the applied voltage. So, the stress voltage still can increase with stress
voltage, but the stress current will be clamped to a constant for the longer time stress.
This is why the high current IV (Fig. 3.4) shows that the current cannot be increased
at the saturation region. If the recording.data point is at other region, the high current

IV curve of the RPO N+ diffusion resistorwill'not @appear the saturation characteristic.

3.3.4 Snapback Region

Fig. 3.10(a) shows the current and‘voltage waveforms of the RPO N+ diffusion
resistor in the snapback region under a 100nsec TLP stress event. For this stress, the
applied voltage (~9V) in the initial transient (50nsec~95nsec) is apparently higher
than the breakdown voltage of the N+ diffusion 8.5V based on the DC IV measured
result in Fig. 3.5. Unlike the stress currents of the linear region, thermal region and
saturation region, the current of the snapback region cannot be confined in the RPO
N+ diffusion resistor any more. Most of the current still flows through the RPO N+
diffusion resistor, but part of the current flows into the P-substrate and through the
P-Well resistor (R-sub) to V¢ (Fig. 3.11(a)). This gives rise of the substrate potential
as shown in Fig. 3.12. In this test structure, a floating P+ pick-up (Fig. 2.2) is

designed to monitor the P-substrate potential variation of the RPO N+ diffusion
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resistor during the TLP stress period. The set-up for substrate potential is shown in
Fig. 2.3.

Like the behavior of the thermal region and saturation region, the RPO N+
diffusion resistor resistance increases with the stress time caused by the RPO N+
diffusion resistor temperature increasing due to power induced the Joule-heating
generation (Fig. 3.12). The increase in the RPO N+ diffusion resistor resistance will
decrease the current flowing through the RPO N+ diffusion resistor to push more
current flowing into the P-substrate, resulting in the substrate potential increasing
gradually as shown in Fig. 3.12 (50nsec~95nsec). As the substrate potential reaches
the critical point (0.7V at the stress time 95nsec in Fig. 3.12), the junction between the
P-substrate and the cathode of the RPO N+ diffusion resistor will be forwarded,
resulting in the cathode of the RPO N+ diffusion resistor injecting the electrons.
These injected electrons will be collected by the anode of the RPO N+ diffusion
resistor. This action can be treated as.the-npn-bipolar turned on (Fig. 3.11(b)). As the
npn bipolar turned on, it can provide a.very.low impedance conduction path to sink
much more than the current that the RPO N+ diffusion resistor can sink. The resistor
during the snapback region can be treated as a RPO N+ diffusion resistor and on
resistor of an npn bipolar in parallel. But, the on resistor resistance of an npn bipolar
is much smaller than the RPO N+ diffusion resistor resistance. We can find the
resistance during the snapback region is apparently is much smaller than that of the
region before occurred the snapback. This induces the current increasing and voltage
decreasing drastically. So, an apparent snapback phenomenon can be found after the
transient 95nsec in Fig. 3.11(a). Then, a lot of current will flow though the P-substrate

to result in the substrate potential at region B in Fig. 3.11 increases sharply.
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3.4 High Current IV Characteristic For Silicided N+ Diffusion
Resistor

Fig. 3.13 shows the high current 1-V characteristics of a silicided N+ diffusion
resistor under the 100nsec TLP stress event. The set-up is shown in Fig. 2.3. A
100nsec current pulse is applied to one node of the silicided N+ diffusion resistor (A
in Fig. 2.3) with respective to the grounded node of the silicided N+ diffusion resistor
and P-substrate (C in Fig. 2.3). The stress current level is increased continuously until
the silicided N+ diffusion resistor was damaged. The voltage and current waveforms
of the silicided N+ diffusion resistor during the TLP stress period are measured
simultaneously by the oscillator-scope. After each TLP stress, a DC meter is used to
check the variation of the leakage current of the silicided N+ diffusion resistor for
judging whether the silicided N+ diffusion resistor.was damaged by the TLP stress or
not. All measured data’s are transferred to a:computer by an IEEE-488 cable. The
computer records the data at 20nsec.prior-to-the end of the TLP pulse and leakage
current to the disk. Based on the reeorded values-at each stress level, the high current
IV characteristics of the device are constructed as shown in Fig. 3.13.

Although the high current 1V characteristics of the silicided N+ diffusion resistor
also can be divided by four regions, it does not be found the snapback phenomenon
even at high current stress level. The four regions for silicided N+ diffusion resistor
are linear region, thermal region, saturation region and breakdown region. For linear
region, the current increases with the voltage linearly. Compared with the linear
region, the rising slop of the current at the thermal region is more gradient. As it goes
into the saturation region, the current cannot increase with the voltage any more. It is
worth noting that the saturation current for silicided N+ diffusion resistor (135mA) is
larger than that of the RPO N+ diffusion resistor (33mA) since the silicided N+

diffusion resistor includes two conduction layers (silicided film and N+ diffusion) and
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the current conduction capability of silicided film is higher than that of RPO N+
diffusion.

Unlike the RPO N+ diffusion resistor that can be driven into the snapback when
the applied voltage higher than the junction avalanche breakdown voltage, the current
for the silicided N+ diffusion resistor still can be kept as a constant even the applied
voltage higher than the junction avalanche breakdown voltage (8.5V as shown in Fig.
3.5). This difference is caused by that the two test structures have different P+
diffusion layouts. For RPO N+ diffusion resistor, the P+ diffusion used as the ground
is below the cathode of the RPO N+ diffusion resistor (Fig. 2.2). For silicided N+
diffusion resistor, the P+ diffusion used as the ground is a guard-ring which surrounds
the silicided N+ diffusion resistor completely. This kind layout will decrease the
resistance of the substrate resistor(Rs,, in Fig.-3.11(a)) significantly to result in the
turn-on condition for a bipolar (lsusXRsup) hard-to achieve. So, the snapback
phenomenon cannot be found -and the-Silicided N+ diffusion resistor only can be
biased at avalanche region if the applied-voltage is higher than the junction

breakdown voltage.

3.5 Real-Time IV Characteristic For Silicided N+ Diffusion Resistor
Same reason as we talked in the RPO N+ diffusion resistor, a single recoding
point IV can not tell us what’s going on of the silicided N+ diffusion resistor during
the TLP stress event. So, the whole voltage and current waveform are used to
investigate the detail insight of a silicided N+ diffusion resistor under the TLP stress

event.
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3.5.1 Linear Region

Fig. 3.14(a) shows the current and voltage waveforms of the silicided N+
diffusion resistor in the linear region under a 100nsec TLP stress event. From 25nsec
to 52nsec, the pulse travels through the measured probes to the silicided N+ diffusion
resistor and bounces back to the measured probes (Fig. 2.3). At this period, the
voltage and current are the constants. Compared the Fig. 3.6(a) and Fig. 3.14(a), the
voltage waveform of the silicided N+ diffusion resistor during the TLP stress period is
apparently different from that of the RPO N+ diffusion resistor during the TLP stress
period. It is because of that the resistance of the silicided N+ diffusion resistor (~30Q2)
is smaller than the TLP output resistance (50€2), but the resistance of the RPO N+
diffusion resistor (~170Q) is much larger than the TLP output resistance (50Q2).
Except the resistor resistance, the.inductance caused by the bonding wire or probe is
needed to count into the impedance.for the loading (Z,). But, it is well known that the
impedance caused by the inductancesis-arisen-from Ldl/dt. So, it only can affect the
voltage waveform at the beginning of.the TLP"stress due to large dl/dt (B in Fig.
3.14(a)), but can be neglected after this transient due to nearly zero dl/dt.

Adding the inductance will cause the loading impedance Z, larger than the TLP
output resistance to generate a positive reflected wave based on the formula
I'=(Z.-Zo0)/(Z.+Zy), resulting in the voltage higher than the initial voltage (Vi in Fig.
3.14(a)). Without the inductance, the impedance of the silicided N+ diffusion resistor
becomes smaller than the TLP output resistance to induce a negative reflected
waveform, resulting in the voltage smaller than the initial voltage (Vi in Fig. 3.14(a)).

Based on the measured voltage and current in Fig. 3.14(a), the dynamic
resistance (V(t)/1(t)) and the generated power (V(t)xI(t)) can be obtained as shown in
Fig. 3.14(b). It can be found that the resistance and the generated power all can keep

as the constants during the TLP stress period since the Joule-heating generated by the
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power is still quite low and all can be transferred into the substrate completely.
Without the additional heat, the silicided N+ diffusion resistor temperature does not
vary with the TLP stress time and the resistance can keep as the constant based on eq.
(1). So, the current of the silicided N+ diffusion resistor can linearly increase with the

voltage as it is biased at the linear region.

3.5.2 Thermal Region

Fig. 3.15(a) shows the current and voltage waveforms of the silicided N+
diffusion resistor in the thermal region under a 100nsec TLP stress event. It can be
found that the current decreases and the voltage increases continuously during the
TLP stress period. Based on the measured voltage and current in Fig. 3.15(a), the
dynamic resistance (V(t)/1(t)) and,the generated power (V(t)xI(t)) can be obtained as
shown in Fig. 3.15(b). It can be-found that the-resistance increases with the TLP stress
time and the generated power is-nearly a-constant during the TLP stress period. Same
mechanism as the discussion in the thermal region for RPO N+ diffusion resistor, the
P-substrate can not sink all Joule-heating generated from the power in an instant to
leave part of Joule-heating in the silicided N+ diffusion resistor, resulting in the
increase in the temperature of the silicided N+ diffusion resistor. The detail
mechanism that the current and voltage varied with the TLP stress time had been
discussion in the section of the thermal region for RPO N+ diffusion resistor. Based
on eg.(1) and the result in Fig. 3.15(b), this stress will lead in the temperature of the
silicided N+ diffusion resistor increasing about 139°C. Compared with the RPO N+
diffusion resistor, the temperature increase at the thermal region for the silicided N+
diffusion resistor is nearly 1/3 of the temperature increase for the RPO N+ diffusion
resistor since the temperature coefficient of the silicided N+ diffusion resistor is

nearly three times of the RPO N+ diffusion resistor.

21



3.5.3 Saturation Region

Fig. 3.16(a) shows the saturation region current and voltage waveforms of the
silicided N+ diffusion resistor under a 100nsec TLP stress event. Compared with the
current in the thermal region (108mA to 99mA), the saturation current decreases more
sharply (148mA to 113mA). The generated power (~1W) during the saturation region
(Fig. 3.16(b)) is nearly twice of the generated power (0.5W) during the thermal region
(Fig. 3.15(b)). The more power is generated, the more Joule-heating leaves in the
silicided N+ diffusion resistor to induce in the higher temperature for the silicided N+
diffusion resistor. Based on eq. (1) and the result in Fig. 3.16(b), this stress will lead
the temperature of the silicided N+ diffusion resistor increasing about 224°C at the
end of the pulse which is much higher than the increase in the temperature of the
silicided N+ diffusion resistor during the thermal. region (139°C), but much smaller
than the increase in the temperature of the .RPO N+ diffusion resistor during the
saturation region (690°C). Fig. 3.16(b) shows-that the silicided N+ diffusion resistor
also can follow eq. (6) which resistance.increases with the square root of the stress
time. Thus, the current and voltage also can follow the egs. (7) and (8) to increase and
decrease with the stress time, respectively. By comparing Figs. 3.7(b) and 15(b) or
Figs. 3.9(b) and 16(b), it can be found that the generated power for silicided N+
diffusion resistor during the TLP stress period is nearly a constant that does not vary
with the stress time, while the generated power for the RPO N+ diffusion resistor
during the TLP stress period decreases with the stress time. It implies that the thermal
conduction for RPO N+ diffusion resistor is better than the silicided N+ diffusion
resistor. The more heat transferred into the P-substrate, the less power left in the RPO
N+ diffusion resistor. So, the generated power will decrease with the stress time. The
less heat transferred into the P-substrate, the more power left in the silicided N+

diffusion resistor. So, the generated power does not vary with the stress time. This
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difference might be caused by that the current of the silicided N+ diffusion resistor is
confined in the thin silicided film to induce the local heating, but the current of RPO
N+ diffusion resistor can flow whole junction and the junction is just above the large
heat-sink P-substrate. Because the Joule-heating induced the device temperature
increasing higher than the silicon melting point is the main cause of the ESD failure,
the device will have poor ESD performance if it has the bad thermal conductivity.
This is why we often think that the silicided process will degrade the device ESD

performance.

3.6 ESD Comparison For Silicided And RPO Grounded-Gate NMOS

The self-protection scheme, which N/PMOS drivers are the ESD protection
devices, is commonly used for-digital 1/0 ESD pretection. Using this scheme, the
NMOS will dominate the ESD-gevent.-So,-NMOS /Is much more important than the
PMOS for 1/0 ESD protection in CMOS.technology. Up to now, ESD designers often
have the concept that the silicided process will degrade the device ESD performance.
So, various schemes from process (silicided block (RPO) [6]) and circuits (gate
coupling [7] and substrate trigger [8]) are proposed to improve the NMOS ESD
performance. But, the RPO scheme seems more popular than other schemes since
most foundries provide the RPO design rules for customers as the reference. And,
most ESD designers accept the concept that RPO can build a ballast resistor [9] for
NMOS. But, most people do not know why NMOS needs a ballast resistor drain. In
fact, the ESD event can be treated as a constant current stress event. Whether the
device has a ballast resistor cannot change the ESD stress current level [10] and the
current capability of the silicided N+ diffusion resistor is apparently much higher than

that of the RPO N+ diffusion resistor from above experiment result. If the silicided
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N+ diffusion resistor can sustain more current than the RPO N+ diffusion resistor, it
does not have the reason that the silicided device is more vulnerable to ESD stress
than the RPO device. So, the ballast resistor concept cannot explain why using RPO
to forbid the silicided formation on the drain can improve the device ESD
performance. In fact, we find the silicided device can be designed as robust as or even
better than the RPO device.

As we discussed in the above sections, we can conclude some different
characteristics for RPO N+ diffusion resistor and silicided N+ diffusion resistor : 1.
the thermal conductivity of the RPO N+ diffusion resistor is better than the silicided
N+ diffusion resistor, 2. the saturation current of the silicided N+ diffusion resistor is
higher than that of RPO N+ diffusion resistor, 3. for silicided N+ diffusion resistor,
most current will be confined in the silicided film, 4. for RPO N+ diffusion resistor,
the current can distribute whole junction. Because of these different behaviors, the
silicided grounded-gate NMOS-(GGNMOS)-and RPO GGNMOS cannot use same
kind layout if one wants to get good'ESD. performance for these two devices.

Fig. 2.4 shows the layouts of these two devices. Table 3.1 lists the key
parameters and ESD test results for these two devices. The dimensions for these two
devices are almost the same (silicided GGNMOS 30x33.6=1008um?, RPO GGNMOS
30x33.95=1018.5um?). Based on characteristic 4, the current of the RPO N+ diffusion
resistor can distribute whole junction, we use long contact to poly space on the drain
(RPO=1.6um) to get larger drain junction (4.36x30x5=654um?), compare with the
silicided device (0.96x30x12=345.6um?). Based on characteristic 3, most current of
the silicided N+ diffusion resistor will be confined in the silicided film, the junction is
useless for the silicided device ESD protection. So, we need to increase total drain
junction perimeter of the silicided device instead of using larger device drain junction

area as the RPO device since most current flows from contact through LDD junction
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to P-substrate. The total perimeter of the drain junction for the silicided GGNMOS
(30x12x2=720um) is nearly two and a half of the RPO GGNMOS (30x5x2=300um).
Based on above design concept, both devices all can get better ESD
performances that can pass HBM 2KV and MM 200V industry specification (Table
3.1). And, it is worth noting that ESD performance of the silicided GGNMOS is more
robust than the RPO GGNMOS. For the silicided GGNMOQOS, it can pass HBM 7.5KV,
MM 350V and Iy, 3.35A. For the RPO GGNMOS, it can pass HBM 5.5KV, MM
250V and I, 2.5A. Fig. 3.17 shows the high current 1V characteristics of the silicided
GGNMOS and RPO GGNMOS. It can be found that the silicided GGNMOS has
smaller Ro, and higher li,, compared with the RPO GGNMOS. For same dimension,
the ESD performance for the silicided GGNMOS can be designed higher than 30% of
the RPO GGNMOS in 0.25um CMOS process:. The comparison of silicided and
non-silicided GGNMOS in series with a resistor between gate and ground is the future

work in other process.
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Table 3.1 Key layout parameter and ESD test result.

Stru. Length | Finger | Total | Cont.- | RPO-to- | Poly-to Total HBM | MM lt2
Width | Width | to- Poly -Poly  |Drain/Source
Poly |at Drain|at Drain| OD Area
Silicided | 0.4um | 30um |720um| 0.3um N/A 0.96um 1008um2 | 7.5kV [350V| 3.35A
RPO 0.4um | 30um [{300um|2.0um | 1.6um 4.36um 1018um?2 | 5.5kV |250V| 2.5A
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Fig. 3.3 (a) Silicided N+ diffusion resistor has two conductor layers (silicided film
and N+ diffusion), (b) RPO N+ diffusion resistor only has one conductor layer (N+
diffusion).
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Fig. 3.8 Equivalent circuit of a RPO N+ diffusion resistor under the 100nsec TLP
pulse event.
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Chapter 4
Applications for On-chip ESD Protection Design

Up to now, there are many kinds of ESD protect devices in IC chip. The devices
include diode, GGNMOS, SCR, diffusion resistor and so on. Specially, the diffusion
resistor can be used to incorporated with ESD protect devices to enhance the chip
ESD level and it does not cost too much area. There are different considerations about

input and output buffer.

4.1 Input Pin ESD Protection Improvement

For input pads, the typical ESD-protection- device, grounded-gate NMOS
(GGNMOS), often can pass over ‘HBM 2KV."And, the manufacture Fab usually
provides additional process, ESD implant, to enhance the device ESD performance
and does not affect the IC function. To prevent the gate oxide damage, it often needs a
resistor in series with a 2" ESD protection device before an inverter gate. However, it
is never discussed how to design the resistor and 2" ESD protection before. From the
high current IV characteristics of the resistor under a TLP stress in above chapter, it
provides us a guide line to design the resistor and 2" ESD protection device. The
guide line is that the saturation current of a resistor should be designed smaller than
the 1, of the 2" ESD protection device. This can make sure that the 2™ ESD
protection cannot be damaged by the ESD and 2™ ESD protection can be turned on to
clamp the ESD voltage in an instant to prevent gate oxide damage. Otherwise, the 2™

ESD protection might be damaged before the primary turned on since the current
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cannot be clamped below the current of the 2" ESD protection that can sustain. This
will degrade the input pad ESD performance.

It has been proven that the input pad HBM passing voltage can be improved
from 3KV to 5KV after inserting 200Q2 poly resistor at MCU (Micro Controlled Unit)
product. About the diffusion resistor effect on ESD performance has been reported
[11]. This report shows how to use diffusion resistor to improve low trigger voltage
and low capacitance ESD protection device (LVCESD) for high frequency input pad.
The LVCESD structure is shown in the Fig 4.1 and the test result of the resistor and
trigger device of LVCESD is shown in table 4.1. From the TLP curve in Fig. 4.2, the
saturation current of a P+ diffusion resistor is designed lower than the I, of NMOS.
This can prevent the trigger device damage. Compared with the structure without the
P+ diffusion resistor, the LVCESD with a P+ diffusion resistor has much robust ESD
performance. In this report, it=has.another experiment to study how the diffusion
resistor to incorporate with the LV CESD-toprotect the inverter gate and output
transistor. This experiment shows that LVVCESD cannot effectively protect the
inverter gate and output transistor if it is without a resistor before the protected device.
The structures show in the Fig 4.3 and the ESD results are listed in the table 4.2. For
input ESD protection, the ESD performance can be improved significantly (HBM
1.5KV to 5.5KV and MM 50V to 400V) if it has a resistor and 2" ESD protection

device.

4.2 Output Pin ESD Protection Improvement
Unlike input pad, which needs to add a protection device between the pad and
the input gate, the output buffer is already an ESD protection device usually. And, it is

hard to optimize the output transistor layout to meet both circuit requirement and ESD
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performance. For ESD consideration, it often uses the larger contact to gate space to
build a ballast resistor for the output transistor. For circuit performance, however, it
cannot use the large contact to poly space since it will increase the RC delay time to
reduce the 10 speed and increase the noise level. In addition, this scheme has the
severe impact on the size and performance of the output buffer, especially the pad
limitation becomes a major design constraint. It had been reported that a modified
output structure, adding a small resistor, has significantly improved the ESD
performance recently. Taking the advantage of the velocity saturation at high current,
a resistor is a low impedance resistance at normal operation (lg.<15mA) while
becomes a high impedance resistor at the high current ESD zapping event (hundreds
of mA’s to A’s). To meet the speed requirement at normal operation and prevent the
output transistor damage during :the ESD zapping, the resistance of a resistor is
limited below 10Q and the Isa~Should be designed smaller than the I, of the output
transistor. Using the data presented.in-Figs—4.4 and 4.5, either the n+ diffusion
resistor (W/L=15um/4um) or the"n-well resistor (W/L=350um/1.5um) can satisfy
these requirements. However, the heavily doped resistor may not be a good candidate
due to too small Vsa. Note that the actual selection of lsy and Rs should be further
optimized by design, layout, and technology constraints. With such optimization, the
ESD current (for 2KV using the HBM, the peak current I, is about 1.3A) will be
discharged either through a specially designed protection structure (Fig. 4.6(a)) or the
leakage current caused by breakdown between the V. and Vs lines (Fig. 4.6(b)). This
will allow the use of the aggressive design rules of the technology rather than the
conservative channel length and poly gate to diffusion contact spacing, resulting in

better ESD performance and only a minor compromise in the 1/O area.
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Table 4.1 LVCESD structure device splits ESD test result.

Structure A B
+HBM/Vss 2kV 5kV
-HBM/Vss -6.5kV -6.0k\
+HBM/Vcc 3kV 5kV
-HBM/Vcc -4.5kV -4.5k\
+MM/Vss 100V 350\
-MM/VVss 400V =400\

Table 4.2 LVCESD structure with chip splits ESD test result.
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Stru. 1 1! 11 v

HBM (+/Vss) | +1.5kV | +2.5kV | +0.25kV |+ 5.5kV
HBM (-/Vss) |-6.0kV | -6.0kV | -6.5kV |-6.0kV
HBM (+/Vcc)| +1.5kV | +2.5kV | +0.25kV | +5.0kV
HBM (-Vcc) | -1.5kV | -1.5kV [ -2.0kv [-3.0kV
MM (+/Vss)| +50v | +100v | <25v  |+400Vv
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Fig. 4.1 Low trigger Voltage and low Capacitance ESD protection device (LVCESD)
(a) top view, (b) cross-section.
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Fig. 4.4 1V characteristics of a n+ diffusion resistor (W/L=5um/60um), (a) Cathode
and substrate(1) current vs. anode-to-cathode voltage, with the reverse-bias

characteristics of the same well-substrate diode(2) added for reference, (b) The related
static (Rs) and dynamic (Rg) resistance vs. anode-to-cathode voltage.
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Fig. 4.6 Output buffer with a “decouple resistor”, (a) Main discharge through a
protection device N1, (b) Main discharge via the p-source to V.. diode and the
equivalent discharge path N2 between the V¢ and Vs lines.
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Chapter 5

Conclusions

We had demonstrated that the resistance increases with the square root of the
stress time for both silicided N+ diffusion resistor and RPO N+ diffusion resistor
during the 100nsec high current TLP stress event. So, the resistor during the high
current stress event will become a dynamic resistance resistor. The high current 1V
curve provided by the commercial 100nsec TLP system cannot reflect the high current
behavior of the resistor during the high current stress event since it only records one
single point of the measured waveform. In fact, the resistors cannot clamp the stress
currents at the beginning of the-pulse since Joule-heating generation is too small and
can be neglected at this transient. So; the-stress,current is proportional to the applied
voltage at this time.

The different characteristics of the two kinds of resistors under the high current
stress event are also found. Based on the different characteristics of these two kinds of
resistors, we use different layouts to enhance the merit and eliminate the drawback for
the silicided GGNMOS and RPO GGNMOS. For the silicided device, it needs the
large total drain perimeter, but does not needs large area drain junction since the
current confines in the silicided film and flows from the contact through LDD
junction to the substrate. While for the RPO device, it needs large area drain junction
since the current can flow through whole junction. Using the different approach for
different device, we demonstrate that both silicided GGNMOS and RPO GGNMOS

can get good ESD performance at the same layout area.
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