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Design on the Low-Leakage-Current Diode
String for ESD Protection in SiGe BICMOS

Process

Student: Woei-Lin Wu Advisor: Prof. Ming-Dou Ker

Department of Electronics Engineering & Institute of Electronics
National Chiao-Tung University

ABSTRACT

The aim in this thesis is to-design the ESD protection circuits in SiGe BICMOS
process. In this design, the leakage cutrent of the-diode string can be effectively
reduced and a high ESD robustness.can be achieved. There are three parts in this
thesis.

The first part investigates the ESD robustness of the diodes and heterojunction
bipolar transistors (HBTs) by different device structures and layout parameters. The
transmission line pulse generator (TLPG) is also used to investigate the characteristics
of these devices under high-current stress. In addition, the ESD robustness of HBTs
for low-voltage, high-voltage, and high-speed applications are also investigated.

For the traditional diode string, the parasitic p-n-p bipolar junction transistor
(BJT) devices in the diode string will induce a large leakage current into the substrate,
especially under high temperature condition. In the second part, a new diode structure
in SiGe process is proposed and low-leakage-current diode string (LLCDS) is formed

by this new diode structure. Furthermore, the leakage current of LLCDS can be
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effectively reduced by extra circuit design. Because the diode string is designed to
sustain the ESD stress under forward-biased condition, a high ESD robustness can be
achieved in a small silicon layout area.

In the third part, the optimum design on the circuit to minimize the leakage
current of LLCDS as the power-rail ESD clamp circuit is evaluated by calculating the
physical formulas of the parasitic devices in the diode string and the simulation results.
The experimental results are also performed to verify the simulation results.
Furthermore, the second design on the diode string as the power-rail ESD clamp
circuit is proposed to further reduce the leakage current. In addition, the power-rail
ESD clamp circuit with new diode string as the trigger circuit of HBT is also
proposed and verified.

In summary, LLCDS as the power-rail ESD clamp circuit are developed in SiGe
process with low leakage current,and high ESD robustness. Each of the design has
been successfully verified in the téstChips-and also published in the international

conference papers.
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Chapter 1

Introduction

1.1 MOTIVATION

In the 1990s a further revolution in bipolar transistor design occurred with the
emergence of Silicon-germanium (SiGe) Heterojunction Bipolar Transistors (HBTSs).
Previously HBTs had only been available in compound semiconductor technologies,
such as AlGaAs/GaAs. However, material research showed that a good heterojunction
could be obtained if the SiGe layer was thin and the Ge content relatively low.
Recently, SiGe HBT has become a key,technology for RF applications in giga-bit
communication systems. ESD protection in SiGe technology plays an important role
in telecommunication system reliability [1]<[5].

In a SiGe BiCMOS process; with:the consideration of Giga-Hz input signals, the
SiGe HBT can be also used as the on-chip ESD protection device. Therefore, the
relation between ESD robustness and layout parameters of SiGe HBT and diodes with
different junctions should be characterized to achieve a good enough ESD protection
design in such high-speed communication integrated circuits.

For ESD protection design in SiGe BiCMOS process, diode string is a good
candidate as the power-rail ESD clamp circuit, because the diode string under
forward-biased condition can sustain a very high ESD stress within a smaller chip
area. The diode string has been widely used in integrated circuits for ESD protection
[1]-[4]. However, a parasitic vertical p-n-p bipolar transistor exists in the conventional
P+/N-well diode with the common P-type substrate. This parasitic vertical p-n-p

bipolar transistor may cause high leakage current in the diode string [1]-[4], especially
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in the high-temperature condition. To overcome the leakage problem, an extra bias to
the deep N-well of the diode string with triple-well structure was proposed in this
thesis. Although the additional extra bias may cause leakage current into the diode
string, the overall leakage current of the diode string can be minimized by a bias
resistance. Optimization design on the bias resistance was calculated and derived from
the formula. The results of this design are also verified by HSPICE simulation and

measured data.

1.2 THESIS ORGANIZATION

The chapter 2 in the thesis discusses the structure and the device characteristics
of SiGe HBTs and diodes. Five kinds_of diodes including P-well/N-well diode,
varactor (for voltage controlled .eapacitor)-diode, and vertical base-collector (VBC)
diode with different implantation types such as local-collector, high-speed, or without
implantation are investigated. Three-kinds-of-SiGe- HBT devices are studied in this
thesis, which are the low-voltage (LV) SiGe NPN HBT (BVceo = 3.8V, ft = 47GHz at
Vbc = 1V), the high-voltage (HV) SiGe NPN HBT (BVceo = 6V, ft = 30GHz at Vbc
= 1V), and the high-speed (HS) SiGe NPN HBT (BVceo = 2.5V, ft = 70GHz at Vbc =
V).

In chapter 3, a new design to minimize the leakage current of the diode string is
proposed. Compared with the traditional P+/N-well diode string, this structure has a
deep N-well to isolate P-well and the common P-substrate. An extra bias is applied to
the deep N-well to minimize the substrate leakage current. The connection of deep
N-well to the extra bias makes the parasitic n-p-n of the triple-well diode being
slightly turned on. This current will flow into the next diode of the diode string, but

not to the common P-substrate. So, the substrate leakage current can be effectively
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decreased. A resistance is further connected between the bias voltage and the deep
N-well to control the leakage current level through the diode string. As the substrate
leakage current could be reduced, another leakage current path appears. Because of
the parasitic n-p-n bipolar transistors of the triple well diode, the leakage current will
be a mount of current flow through the junction between P-well and N+ under the
high-temperature condition.

In chapter 4, the leakage current and ESD robustness of Low-Leakage-Current
Diode String (LLCDS) as the power clamp circuit in SiGe BiCMOS process have
been investigated. By calculating the relation between bias resistance and the leakage
current of LLCDS, the leakage current of LLCDS can be minimized with specified
value of bias resistance. Such LLCDS can be used as the power-rail ESD clamp
circuit and ESD connection cell*between the 'separated power rails, to provide

effective ESD protection in SiGe BiCMOS process.



CHAPTER 2
Characteristics of ESD Devices in 0.35-um SiGe
BiCMOS Process

2.1 INTRODUCTION

SiGe HBT has become a key technology for RF applications in giga-bit
communication systems. ESD protection in SiGe technology plays an important role
in telecommunication system reliability [1]-[5]. In a SiGe BiICMOS process, with the
consideration of Giga-HZ input signals, the 'SiGe HBT is also used as the on-chip
ESD protection device to protectitself.

In the 1990s a further revolution in'bipolar transistor design occurred with the
emergence of SiGe HBTs. Previously heterojunction bipolar transistors had only been
available in compound semiconductor technologies, such as AlGaAs/GaAs. However,
material research showed that a good heterojunction could be obtained if the SiGe
layer was thin and the Ge content relatively low.

As the results, the relation between ESD robustness and layout parameters of
SiGe HBT should be characterized to achieve a good enough ESD protection design
in such high-speed communication integrated circuits. Another successful ESD
protection design for RF IC applications had been reported by using the double diodes
with the turn-on-efficient power-rail ESD clamp circuit [6], [7].

The relation between ESD robustness and layout parameters of diodes with
different junctions in SiGe BiCMOS process should be characterized for ESD
protection design. With the detailed experimental results, the on-chip ESD protection

-4



design for Giga-Hz RF circuits can be optimized with both considerations on RF
performance and ESD robustness.

In this chapter, the test structures of SiGe HBT devices and diodes with different
junctions or layout parameters have been fabricated in a 0.35-um SiGe BiCMOS

process to investigate their ESD robustness.

2.2 TEST STRUCTURE FOR DIODESAND HBTS

2.2.1 Diodes

Five kinds of diodes including P-well/N-well diode, varactor (for voltage
controlled capacitor) diode, and vertical base-collector (VBC) diode with different
implantation types such as local-collector, high-speed, or without implantation are
investigated. Fig. 2.1 shows? the, top” view and cross-sectional view of the
P-well/N-well diode, which is used as.a reference for comparing with the other diodes
of different structures.

Varactor means voltage controlled capacitor; is used as a diode in this research
because of the junction between P+ and N-(NEPI). Fig. 2.2 shows the top view and
cross-sectional view of varactor (VR) diode, where the attention will focus to the
junction between P+ and N- (NEPI).

Fig. 2.3 shows the top view and cross-sectional view of VBC diode with local
collector (LC) implantation. The diode junction is formed between base poly (BP) and
local collector region with NEPI. In this work, next kind of diode is formed by the
part of HBT for SiGe process. The emitter poly is removed and put the contact right

on the base poly. As the result, the current flow through the base and collector will be



vertical. The local collector (LC) implantation under the base poly region is further
changed as high-speed implantation, or even no implantation in the diode structures to
compare their ESD robustness.

In the test structures for investigation, the width (W) of diode junction is drawn

in the range from 3 to 12 um, and the length (L) of diode junction is drawn from 20 to

80 um in this work.

2.2.2 HBT Devices

The structure of the SiGe HBT device is different from the CMOS bipolar
transistor. The SiGe HBT is formed by emitter poly, base poly, and N+ buried layer.
Emitter poly is right on the base poly, and. the base.poly is right on the local collector
region. The local collector region iis connected with N+ buried layer and through N+
sinker to contact.

Three kinds of SiGe HBT devicesare studied in this work, which are the
low-voltage (LV) SiGe NPN HBT (BVceo = 3.8V, ft = 47GHz at Vbc = 1V), the
high-voltage (HV) SiGe NPN HBT (BVceo = 6V, ft = 30GHz at Vbc = 1V), and the
high-speed (HS) SiGe NPN HBT (BVceo = 2.5V, ft = 70GHz at Vbc = 1V). To
investigate the ESD robustness of SiGe HBTs, the experimental chips had been
fabricated in a 0.35-um 3.3V/5V RF BiCMOS process.

The dependences of emitter length, emitter width, and base resistance on the ESD
robustness are investigated for all LV, HV, and HS SiGe HBTs. Moreover, the pattern
of high-speed implantation is also drawn with different style to investigate its impact
on ESD robustness.

Fig. 2.4 shows the cross-sectional view of a low-voltage SiGe NPN HBT. An



N-type local collector (LC) implantation region is formed under the emitter poly and
connecting to the N-type sinker through the bottom N+ buried layer. The N-type
sinker is formed as the collector terminal. In the high-voltage SiGe NPN HBT for 5-V
operating voltage, the LC implantation is not performed for increasing the breakdown
voltage of base/collector junction. On the other hand, the LC implantation is replaced
by a high-speed (HS) implantation with high concentration collector region to speed

up the operating speed of the HBT device.

2.3 EXPERIMENTAL RESULTS

2.3.1 Diodes

The DC characteristics of these different structure diodes are shown in Fig. 2.5.
Different diode structures have differént reverse breakdown voltages because of
different densities of the P-N junction. Fig.”2.6 shows the breakdown voltages,
defined at the current of 1 pA under reverse-biased condition, of different diode types.
From the experimental result, the junction between P-well and N-well has the highest
breakdown voltage.

In the varactor (VR) diode with a junction between P+ and NEPI (N), this VR
diode can work with good characteristics under forward and reverse biased conditions.
In the VBC diode with a junction between base poly and the local collector, it also has
good characteristics under forward and reverse biased conditions. All of diodes whose
leakage is less than 1nA under the normal power bias (Vdd = 3.3 V).

To observe the high current characteristics of ESD devices in SiGe BiCMOS

process, transmission line pulsing (TLP) system with a pulse width of 100 ns is used



to measure the second breakdown current, It2 [8], [9]. Three diodes, the
P-well/N-well diode, VR diode, and VBC+LC diode, are zapped by the TLP to find
their It2. Besides TLP test, the ESD simulator is also used to measure the ESD level
of devices. The ESD stress is performed with a commercial KeyTek ZapMaster ESD
simulator. The start voltage of human-body-model (HBM) ESD stress is 50 V, and the
step voltage is 500 V. Each measurement is performed on 2 samples, at least. Using
this method, the ESD robustness of these devices can be investigated and discussed in
this work.

The second breakdown current (It2) and HBM ESD robustness of the
P-well/N-well diode, VR diode, and VBC+LC diode with different widths under
forward-biased condition are shown in Fig. 2.7 and 2.8, respectively. The It2 and ESD
robustness on the diode is increased when the diode width is increased, but that of the
VBC+LC diode is not significantly improved .when the diode width is further
increased. Under forward-biased conditions-P-well/N-well diode has the highest 1t2
and ESD level, which is a reference during designing the ESD protection circuit. So
the P-well/N-well diode is suitable to be the ESD protection device under forward-
biased condition.

Fig. 2.9 shows the second breakdown current (It2) of the P-well/N-well diode, VR
diode, and VBC+LC diode with different widths under reverse-biased condition. In
Fig. 2.9, the P-well/N-well diode, with a fixed length of 6 pm but different widths, has
a very low second breakdown current. Although it has good ESD characteristics under
forward-biased condition, it should be avoided in ESD protection design to use the
P-well/N-well diode to discharge ESD current in the reverse-biased condition. For the
VR diode and VBC+LC diode with a fixed length of 6 um but different widths, their

second breakdown currents are almost proportion to their widths.



Fig. 2.10 shows the dependence of HBM ESD robustness on the diode length of
the VBC diode with a fixed width of 40 pm under the forward-biased condition. In
Fig. 2.10, the ESD robustness of the VBC diode is independent to the diode length. So,
the VBC diode can be drawn with the minimum length for saving layout area to get

the same ESD level.

2.3.2 HBT with Different Emitter Lengths

Fig. 2.11 shows three types of ESD stress for the SiGe HBT device. There are BC
ESD stress, BE ESD stress and CE ESD stress. BC ESD stress is stress the base node
of the SiGe HBT; collector node is grounded and emitter node is floating. BE ESD
stress is stress the base node of the'StGe HBT; emiitter node is grounded and collector
node is floating. CE ESD stress-is.stress the collector node of the SiGe HBT; emitter
node is grounded and base node is fleating~Insorder to study the ESD robustness of
these SiGe HBT devices completely, every kind of the junction should be tested by
ESD stress.

Fig. 2.12 shows the TLP I-V curve of the low-voltage SiGe HBT with different
emitter lengths and a fixed emitter width of 0.45 um under CE stress. Fig. 2.13 shows
ESD robustness of the low-voltage SiGe HBTs with a fixed emitter width of 0.45 um
but different emitter lengths. All the low-voltage SiGe HBT devices only pass 50-V
HBM ESD stress when emitter width equals to 0.45 pm. Because the HBM ESD level
of the CE ESD stress is too small to see the difference under different emitter lengths,
the TLP I-V curve can show the more clear value.

The similar results are also seen in the high-voltage SiGe HBTs with different

emitter lengths, as that shown in Fig. 2.14 and Fig. 2.15. This may result from the too



small emitter width and higher junction breakdown voltage. Because the junction
between base poly and local collector region has the largest area to deliver the heat
under ESD stress, the HBM ESD level is highest in all ESD stress type.

Fig. 2.16 shows the TLP I-V curve of the high-speed SiGe HBT with different
emitter lengths and a fixed emitter width of 0.45 um under CE stress. The high-speed
SiGe HBTs with the lowest junction breakdown voltage have an increasing ESD
robustness with the increase of emitter length, as that shown in Fig. 2.17, where the

emitter width also equals to 0.45 um.

2.3.3 HBT with Different Emitter Widths

Fig. 2.18 shows the TLP I-V _curve of the low-voltage SiGe HBT with different
emitter width and a fixed emitter length of 30 um under CE stress. Fig. 2.19 shows
the ESD result versus the emitter width for the low-voltage SiGe HBTs under a fixed
emitter length. In Fig. 2.19, the low-yoltage SiGe HBT sustains higher ESD level
when its emitter width is drawn larger than 0.45 pum, and achieves 800-V ESD
robustness when its emitter width equals to 1.5 um with emitter length of 20.3 pm.
This equals about 20 V/um, which is double of the ESD level of the gate-grounded
NMOS in the same BiCMOS process.

Fig. 2.20 shows the TLP I-V curve of the high-voltage SiGe HBT with different
emitter width and a fixed emitter length of 30 um under CE stress. Fig. 2.21 shows
the ESD result versus the emitter width for the high-voltage SiGe HBTs under a fixed
emitter length. In Fig. 2.21, the high-voltage SiGe HBT shows a relatively low ESD
level. Only 200-V ESD level can be sustained, when its emitter width equals to 1.5

um with emitter length of 20.3 pm.

-10 -



Fig. 2.22 shows the TLP I-V curve of the high-speed SiGe HBT with different
emitter width and a fixed emitter length of 30 um under CE stress. Fig. 2.23 shows
the ESD result versus the emitter width for the high-voltage SiGe HBTs under a fixed
emitter length. Similarly, the ESD level increases, when the emitter width of
high-speed SiGe HBT increases, as shown in Fig. 2.23. If the emitter width of SiGe
HBT is fixed at 0.45 pum, the order of ESD robustness is: LV SiGe HBT = HV SiGe
HBT < HS SiGe HBT.

However, when the emitter width of SiGe HBT is fixed at 1.5 um, the order of
ESD robustness is: LV SiGe HBT > HS SiGe HBT > HV SiGe HBT. This is a very
interesting phenomenon, and more analysis and experimental measurement will be

performed in our following future work to get a clear insight.

2.3.4 HBT with Different Base Resistances

Fig. 2.24 shows the cross-sectional-view of a multi-finger SiGe HBT with 4
emitter fingers. The emitter window is 20.3 pm x 0.9 um. The base resistance can be
the minimum value, when all base terminals (B1, B2, B3, B4, and B5) are connected
together through the contact layer on its top.

Table I shows the ESD robustness of the low-voltage SiGe HBT when all emitter
nodes are grounded, where the ESD zapping are applied to the collector node with
some base nodes are grounded, such as only nodel grounded, others floating, or node
1, 3 and 5 grounded, others floating. When all base terminals are connected together
to ground, only 100-V HBM ESD stress is passed. The same result also appears when
the base terminals B1, B3, B5 are connected to ground.

However, when only B1 and B3 are connected to ground, the ESD robustness will
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increase to 1800 V. The floating on the base finger BS significantly increases the ESD
robustness of SiGe HBT. Table II shows the case of only one emitter and one base
terminals connecting to ground. SiGe HBT with B1E2 grounded can sustain 700-V
ESD stress. But, only 100-V ESD stress can be passed when B1E3 grounded. The
above measured results show an interesting phenomenon, and more analysis and
experimental measurement will be performed in our following work to get a clear

explanation.

2.3.5 HBT with Different Layout Patterns

Fig. 2.25 shows the designed patterns in the high-speed SiGe HBT devices with
different high-speed implantation regions. K1 is the standard layout of the high-speed
SiGe HBT with unit-square shape. K2, K3,,K4, and K5 are designed in different
shapes for investigation. Because thé:SiGe-HBT device is a vertical bipolar structure,
the current flow may be affected by the.different layout patterns of the N+ buried
layer. The current flow is vertical from emitter to base, but is horizontal from N+
buried layer to N+ sinker. If the layout pattern of the N+ buried layer is
discontinuously, the collector current will be harder flowing to the N+ sinker and the
current distribution will not be uniform. As a result, the effect of delivering heat may
be worse than other layout pattern.

Because the K4 pattern is parallel to the collector current, the current distributes
uniformly, and the heat delivering may be better. As a result, The BC HBM ESD level
of K4 layout pattern is the best. As for BE and CE HBM ESD level have less effect by
changing N+ buried layer. The emitter window equals to 20.3 pm x 1.5 um. The ESD

robustness degrades with the designed patterns, as shown in Fig. 2.26. The standard
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layout has ESD robustness about 22 V/um, but the other patterns (K2, K3, K4, and

K5) degrade to about only 50%.

2.4 CONCLUSION

Different electrostatic discharge (ESD) devices in a 0.35-um Silicon germanium
(SiGe) RF BiCMOS process are characterized in high current regime by transmission
line pulse (TLP) generator and ESD simulator for on-chip ESD protection design. The
test structures of diodes with different p-n junctions and the silicon-germanium
heterojunction bipolar transistors (HBTs) with different layout parameters have been
drawn for investigating their ESD robustness. The human-body-model (HBM) ESD
robustness of SiGe HBTs with low-voltage (LV), high-voltage (HV), and high-speed
(HS) implantations has been measured and compared-in details.

The characteristics of diodes. with different ‘structures in the SiGe BiCMOS
process have been investigated for using inn ESD protection design. The diodes can
work with good ESD robustness under forward-biased condition. The ESD robustness
of SiGe hetrojunction bipolar transistor in the SiGe BiICMOS process has been also
characterized.

If the emitter width of SiGe HBT is fixed at 0.45 um, the order of ESD robustness
is: LV SiGe HBT = HV SiGe HBT < HS SiGe HBT. However, when the emitter width
of SiGe HBT is fixed at 1.5 um, the order of ESD robustness is: LV SiGe HBT > HS
SiGe HBT > HV SiGe HBT. With the proper layout parameters, SiGe HBT can
perform double ESD robustness than that of NMOS device in the SiGe BiCMOS

process.
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Fig. 2.1 (a) Top view and (b) cross-sectional view of P-well/N-well diode in a SiGe
BiCMOS process.
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Fig. 2.2 (a) Top view and (b) cross-sectional view of varactor (VR) diode in a SiGe
BiCMOS process.
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Fig. 2.3 (a) Top view and (b) cross-sectional view of vertical base-collector (VBC)
diode in a SiGe BiCMOS process.
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Fig. 2.4 The device cross-sectional viewsof low-voltage SiGe NPN HBT with local
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Fig. 2.5 The DC characteristics of these different structure diodes.
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Fig. 2.7 Comparisons of second breakdown current among the P-well/N-well diode,
the VR diode, and the VBC+LC diode with different widths under forward-biased
condition.
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Fig. 2.8 Comparisons of HBM ESD robustness among the P-well/N-well diode, the
VR diode, and the VBC+LC diode with different widths under forward-biased
condition.
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Fig. 2.9 Comparison of second breakdown current among the P-well/N-well diode,
VR diode, and VBC+LC diode with different widths under reverse-biased condition.
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Fig. 2.10 HBM ESD robustness versus diode length of the VBC diode with the
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Fig. 2.11 Three types of ESD stress for the SiGe HBT device.
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Fig. 2.12  The TLP I-V curve of the low-voltage SiGe HBT with different emitter

lengths and fixed emitter width of 0.45 pwm under CE: stress.
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Fig. 2.13 HBM ESD robustness versus emitter length of the low-voltage SiGe HBT
with emitter width of 0.45 pm.
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Fig. 2.14 The TLP I-V curve of the high-voltage SiGe HBT with different emitter
lengths and fixed emitter width of 0:45 m under CE stress.
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Fig. 2.15 HBM ESD robustness versus emitter length of the high-voltage SiGe HBT
with emitter width of 0.45 pm.

-22 -



Leakage Current (A)

1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01
0.3}
[ °®
2 ,QO'.'...
0®®
= 02}
c O -
::; é o =" HSCE
OlF - —w— L=20um’
g /Il.il.. 2
L g A —e— [=30um
O v _ 2
0.0 s r‘ rh\,ﬁ\ﬁ.u PR RPN PR | L_l40urln N
o 1 2 3 4 5 6 7 8 9 10 11

Voltage (V)

Fig. 2.16 The TLP I-V curve of the high-speed SiGe HBT with different emitter
lengths and fixed emitter width of 0.:45 um under CE stress.
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Fig. 2.17. HBM ESD robustness versus emitter length of the high-speed SiGe HBT
with emitter width of 0.45 pm.
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Fig. 2.18 The TLP I-V curve of the low-voltage SiGe HBT with different emitter
widths and fixed emitter length of 30 pm under CE stress.
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Fig. 2.19 HBM ESD robustness versus emitter width of the low-voltage SiGe HBT
with emitter length of 20.3 pm.
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Fig. 2.20 The TLP I-V curve of the high-voltage SiGe HBT with different emitter
widths and fixed emitter length of 30 pm under CE stress.
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Fig. 2.21 HBM ESD robustness versus emitter width of the high-voltage SiGe HBT
with emitter length of 20.3 pm.
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Fig. 2.22  The TLP I-V curve of the high-speed SiGe HBT with different emitter
widths and fixed emitter length of 30 pm under CE stress.
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Fig. 2.23 HBM ESD robustness versus emitter width of the high-speed SiGe HBT
with emitter length of 20.3 um.
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Fig. 2.24 The SiGe HBT with multi-finger device structure. Base resistance will
increase if the base terminal is not all connected together through the contact on its
top.

Fig. 2.25 The designed high-speed implantation patterns for HBT device. K1 is the
standard layout with uni-square shape. K2, K3, K4, and K5 are designed to different
shapes for investigation.
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TABLE 2.1

ESD robustness of low-voltage SiGe HBT with different base nodes grounded

Gnd B12345| BI35 B13 Bl
HBM ESD 100 100 1800 N/A

TABLE 2.2

ESD robustness of low-voltage SiGe HBT with some emitter and base node grounded

Gnd B1El B1E2 B1E3
HBM ESD N/A 700 100
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Chapter 3

Low-Leakage-Current Diode String in 0.18-um
SiGe BICMOS Process and Its Application on
Power-Rail ESD Clamp Circuits

3.1 INTRODUCTION

Diode under forward-biased condition can sustain very high ESD stress within a
smaller silicon area. Therefore, the diode string has been widely used in integrated
circuits for ESD protection [13]-[16]. ,However, a parasitic vertical p-n-p bipolar
transistor exists in the conventional P+/N=welli diode with the common P-type
substrate. This parasitic vertical p-n-p bipolar transistor often causes high leakage
current in the diode string [13]-[16], especially in the high-temperature condition.
Previous designs on the diode string to reduce leakage current had been reported by T.
Maloney [14]-[15], which had been called as Cladded diode string, Boosted diode
string, and Cantilever diode string, respectively.

But, those designs still have high leakage current at the high temperature of 125°C
[17]. To significantly reduce the leakage current of the diode string in CMOS process,
an NMOS-controlled lateral SCR (NCLSCR) device had been added into the diode
string to result in a very low leakage level [17], even in the high-temperature
condition. However, an ESD detection circuit must be designed in chip to quickly
trigger the NCLSCR on.

Recently, in 0.18-um CMOS process, the triple-well structure has been used in the

diode string [18], which is expected to solve the substrate leakage current issue. The
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base and emitter of the parasitic p-n-p bipolar transistor is tied together to suppress the
substrate leakage current. In SiGe BiCMOS process, the deep trench (DT) was used to
reduce the substrate leakage current of the diode string [19]. With the DT and n+
buried layer, the parasitic vertical p-n-p bipolar transistor in the diode string has
open-base configuration, which results in a lower substrate leakage current then that
of the conventional P+/N-well diode at high temperature.

Fig. 3.1 shows the typical application of the diode string in the power-rail ESD
clamp circuit. Since the ESD stress may have positive or negative voltages on an
input (or output) pad with respect to the grounded VDD or VSS pins. For a
comprehensive ESD verification, the pin-to-pin ESD stress and the VDD-to-VSS
ESD stress, had been also specified to verify the whole-chip ESD robustness. With the
power-rail ESD clamp circuit, the positive-to-V:SS ESD stress on the I/O pin can be
discharged through the diode-under forward-biased condition to VDD, and then
through the power-rail ESD clamp citetit-te-grounded VSS [10].

So, the ESD clamp circuit between power rails is very helpful to protect I/O pin
and the internal circuits of integrated circuits against ESD damage. The diode string in
Fig. 3.1 is operated in forward-biased condition to discharge ESD current. Thus, it can
sustain very high ESD level in a smaller silicon area. However, the main drawback for
using the diode string as power-rail ESD clamp circuit is the leakage issue, especially
in the high-temperature condition.

In this work, an extra bias is applied to the deep N-well of the diode string with
triple-well structure to further minimize the leakage current of the diode string. The
test chip has been designed, fabricated, and verified in a 0.18-um SiGe BiCMOS
process. Such diode string with minimized leakage current has been used in the

power-rail ESD clamp circuit, or the ESD connection cell between the separated
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power rails, to achieve whole-chip ESD protection.

3.2 REVIEW ON THE DIODE STRING

3.2.1 The Pure Diode String

The cross-sectional view of the pure diode string is shown in Fig. 3.2 [17].
Because of the parasitic vertical p-n-p transistor, the diode string causes more leakage
current flowing into the substrate. If the gain of the parasitic vertical p-n-p transistor
is above one or even larger, the addition of stacked diodes in the diode string doesn’t
increase the blocking voltage across the diode string linearly.

This means that more diodes would be.needed to support the same blocking
voltage. To reduce the leakage curtent of the-pure diode string, three modified designs
had been reported in [17]-[18]. In orderto reduce the serious substrate leakage current,

there are a modified design and a new-proposed design in the following section.

3.2.2 The Modified Diode String to Reduce Leakage Current

A modified design to reduce the leakage current by using triple-well technologies
had been reported in [18]. Fig. 3.3 shows the cross-sectional view of the n-stage
triple-well diode string with its parasitic base-emitter tied p-n-p bipolar transistors.
Operating in the forward-biased condition, diode current will flow through the P-well
regions, and most holes are not injected into the base region of the parasitic vertical
p-n-p bipolar transistors because of the base-emitter tied configuration.

It suppresses the substrate leakage current. The substrate leakage current could be
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kept very small all the time before the triple-well diode string turn on. It results from

the existence of the parasitic base-emitter tied p-n-p bipolar transistor.

3.3 LLCDS

In this work, low-leakage-current diode string (LLCDS) to minimize the leakage
current of the diode string is proposed. The top view and cross-sectional view of the
diode with deep N-well in a 0.18-um SiGe BiCMOS process is shown in Fig. 3.4 and
Fig. 3.5. Compared with the traditional P+/N-well diode string, this structure has a
deep N-well to isolate P-well and the common P-substrate. An extra bias is applied to
the deep N-well to minimize the substrate leakage current.

As shown in Fig. 3.6, the connection.of LLCDS has a voltage applied to the deep
N-well. The connection of deep N-well to the extra bias makes the parasitic n-p-n of
the triple-well diode being slightly turnéd on. This current will flow into the next
stage diode of LLCDS, but not to the common P-substrate. So, the substrate leakage
current can be effectively decreased.

With the decreased substrate leakage current, total current flowing from the anode
will mainly flow through the diode string itself to build up a higher blocking voltage
between the power rails. Therefore, the overall leakage current through the diode
string can be minimized. A resistance (Ryi,) is further connected between the bias
voltage and the deep N-well to control the leakage current level through the diode
string. As the substrate leakage current could be reduced, another leakage current path
appears. Because of the parasitic n-p-n bipolar transistors of the triple well diode, the
leakage current will be a mount of current flow through the junction between P-well

and N+ under the high-temperature condition.
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3.4 MEASUREMENT RESULTS

LLCDS, as shown in Fig. 3.6, has been fabricated in a 0.18-pm BiCMOS SiGe
process. In this design, the numbers node of deep N-well in the diode string is
connected out for bias, named as Vbias. The P+ anode of the diode string is marked
as Vp in Fig. 3.6.

During measurement, the cathode of the diode string and the substrate are
grounded with two separated channels, so that the cathode current (In) and the
substrate leakage current (Isub) can be monitored separately. The total current flowing
into the diode string should equal to the total current flowing out the device. The
equation can be expressed as:

I+, =1, + 1 (1)

The measured I-V curves along the diode string with three diodes in series (N=3)
under the bias conditions of deep.N-well floating, or biased at 1.8V, are shown in Fig.
3.7. The diode string with Vb of 1.8V 'has"a higher blocking voltage and a lower
leakage current, as comparing to that with Vb of floating.

When 15 = 1pA, the value of VDD named the total blocking voltage of the
triple-well diode string. Fig. 3.8 shows that the measured I-V curves of the different
diode number of the diode string under the bias conditions (Vbias) of deep N-well
floating, or biased at 1.8V, at the temperature of 25°C.

The relation between the total blocking voltage (defined at [»=1pA) and diode
number (N) of the diode string is shown in Fig. 3.9, under Vbias=1.8V to the deep
N-well. In Fig. 3.9, it is apparent that the extra bias on deep N-well can increase the
total blocking voltage of the diode string. The relation between the total blocking

voltage (defined at [s2=1pA) and diode number (N) of the diode string is shown in Fig.
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3.10, under Vbias floating. Because the leakage current doesn’t flow into the substrate
due to the extra bias on the deep N-well, the current is all flowing into the next stage
diode in LLCDS to result in a higher blocking voltage across the diode string.

According to equation (1), when the current of Isub is far smaller then that of In,
most current will flow through the diode string. As a result, applying a bias to the
deep N-well will improve the blocking voltage of the triple-well diode string. But,
when adding a voltage on the deep N-well, it has a leakage path from Vbias to the
ground through the diode string.

So, a bias resistance (Ryias) is added to reduce the leakage current from Vb. In Fig.
3.11, the relation between bias resistance (Rpias) and the total leakage current (I + Ib)
through the diode string with four diodes (N=4) is measured under different
temperatures. The total leakage current (I + Ib) through the diode string (N=4) under
voltage bias of Vp= Vb=1.8V is increased when the: temperature is 25°C, 75°C, and
125°C.

However, this phenomenon can be further minimized by adding the bias resistance,
which limits the current flow through the deep N-well (Ib). Moreover, when Ib
decreases with an increasing resistance, the current flow from the anode to cathode
will increase. Under this condition, the value of resistance should be optimized. From
the measured results, the diode string (N=4) with a bias resistance of 10 kohm has a
minimized leakage current. The equations to minimize the leakage current of the
diode string with different diode stages or different blocking voltages can be further
derived for optimization design.

With a bias resistance of 10 kohm, the ESD robustness of LLCDS with different
diode numbers in series are investigated by the transmission-line-pulse generator

(TLP) with pulse width of 100ns. As shown in Fig. 3.12, LLCDS with different diode
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numbers (N) have different turn-on resistance in high-current region. The diode string
with a larger diode number (n) in series has a larger turn-on resistance.

However, the secondary break-down current (It2) of LLCDS with different diode
numbers (N) in series did not have obvious variation. The dependence of secondary
breakdown current (It2) of LLCDS on the diode number (N) in series is shown in Fig.
3.13, where every diode has the same device dimension of W/L= 40pm/12um in
layout pattern. With an It2 of higher than 4A, LLCDS (under N=4) can sustain the
human-body-model ESD stress of 6 kV. In Fig. 3.13, the It2 of the diode string will
not obviously decrease when diode number increases. From this result, the number of
diode in LLCDS can be reasonably increased to get a higher blocking voltage without

degradation on its ESD level.

3.5 CONCLUSION

A new design for the diode string /in70:18-iim SiGe BiCMOS process has been
proposed and verified. According to the experimental results, with extra bias to the
deep N-well through a bias resistance, the total blocking voltage of the diode string
can be effectively increased. Although the additional extra bias will cause some
current into the diode string, the overall leakage current of the diode string can be
minimized by a bias resistance.

With this new design, the substrate leakage current can be always kept in a very
small value with the order of pA, even under the temperature of 125°C. This new
proposed diode string is very suitable for applying in the power-rail ESD clamp
circuit and the ESD connection cell between the separated power lines. Optimization

design to find the best design choice on the bias resistance and its corresponding
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circuit implementation will be studied in the future.

_37-



VDD

E
t
L o
\ | e
T ! -
! ©
Internal ; O
/0O Circuits 8
e Ll
/AN T
)
=
@)
o

Vss

Fig. 3.1 The whole-chip ESD protection design'with the diode string applied in the
power-rail ESD clamp circuit.

FOX| p+ [FOX| N+ | FOX

P-substrate B I -

Fig. 3.2 The cross-sectional view of the pure diode string.
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Fig. 3.3 The cross-sectional view of the n-stage triple-well diode string and its
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Fig. 3.4 The top view of triple-well diode structure in 0.18-um BiCMOS SiGe

process.
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Fig. 3.5 The cross-sectional view of triple-well diode structure in 0.18-pum BiCMOS

SiGe process.

!

FOX ]

N-Welﬂ | N-well

N+

P-well

Deep N-well

Deep N-well

Deep N-well

P-substrate

ISUD ey

i
GND =

Fig. 3.6 The new proposed diode string with extra bias to the deep N-well to reduce
the substrate leakage current.
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Fig. 3.7 The measured I-V curves along the diode string with three diodes in series
(n=3) under the bias conditions (Vbias) of deep N-well floating, or biased at 1.8V.
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Fig. 3.8 The measured I-V curves of the different diode number of the diode string

under the bias conditions (Vbias) of deep N-well floating, or biased at 1.8V, at the
temperature of 25°C.

-41 -



2.4+ n
! °
S 2.2F
< |
g 2.0F ]
S 1.8f
? L
< 1.6F .
8 I Vbias= 1.8V
o 14F n - m T=25"C
Ic [ ° — @ T=75°C
e L2y T=125°C
10 1 1 1
2 3 4

Diode Number (N)

Fig. 3.9 The relation between thestotal blocking voltage and the diode number (N)
of the diode string under Vbias=1:8V at therdifferent temperatures.

2.21 Vbais floating "
< 20 = T=25C
v —e T=75°C
g 18 T=125°C -
g 1.6} | ///

//

£ 1.4t °
X
s 1.2}
- [
< 1.0f °
E L

0.8} . . .

2 3 4

Diode Number (N)
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Chapter 4

Minimization of Leakage Current in the Diode

String in 0.18-um SiGe BICMOS Process

4.1 INTRODUCTION

The SiGe BiCMOS technology has been recognized as one of the best chip
solutions for broadband and wireless systems [2]. For ESD protection design in RF
circuits, the small input ESD diodes cooperating with the power-rail ESD clamp
circuit can meet the circuit requiremment and achieve the whole-chip ESD protection
scheme[6], [20]. Fig. 4.1 shows the typical .ESD protection design in RF circuits,
which combines the input ESD diodes-and-the power-rail ESD clamp circuit. The
power-rail ESD clamp circuit is implemented by the diode string [13], [14], as shown
in Fig. 4.2.

ESD stress on an input (or output) pad has positive or negative modes, while the
VDD or VSS pins are relatively grounded. For a comprehensive ESD verification, the
pin-to- pin ESD stress and the VDD-to-VSS ESD stress, have been specified to verify
the whole-chip ESD robustness. The ESD clamp circuit between the power rails is
very helpful to protect the core circuits against ESD damage for RF circuit application.
The ESD current can be discharged by the diode string under forward-bias condition.
Therefore, the diode string can sustain a very high ESD level in a small silicon layout
area. However, the main drawback for using the diode string as the power-rail ESD

clamp circuit is the leakage issue, especially in the high-temperature condition. A
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parasitic vertical p-n-p bipolar junction transistor (BJT) exists in the conventional P+/
N-well diode with the common P-type substrate. This parasitic vertical p-n-p BJT
often causes high leakage current along the diode string [13], [14], [17], especially in
the high-temperature condition.

Some modified designs on the diode string to reduce leakage current have been
reported in [14], which called as Cladded diode string, Boosted diode string, and
Cantilever diode string, respectively. But, those designs in the bulk CMOS technology
still have high leakage current (~mA) at the high temperature of 125°C [17]. In the
SiGe process, the deep trench (DT) was used to reduce the substrate leakage current
of the diode string [18], [19]. With the DT and n+ buried layer in SiGe prcoess, the
parasitic vertical p-n-p BJT in the diode string has a base-open configuration [19],
which results in a lower substrate leakage current as compared to that of the
conventional P+/N-well diode in CMOS process.

In this work, three kinds of*power-tailESD,clamp circuits for RF ESD protection
design in BiCMOS SiGe technology..are proposed. The first design is the
Low-Leakage-Current Diode String (LLCDS), the second design is the
Low-Leakage-Current Diode String 2 (LLCDS2), and the third design is the
LLCDS-triggered SiGe HBT. In this work, the characteristics of these new proposed
power-rail ESD clamp circuits are compared with that of the conventional diode string.
In the new proposed LLCDS, an extra bias is applied to the deep N-well of LLCDS to
minimize the leakage current of LLCDS.

The cross-sectional view of the conventional diode string is shown in Fig. 4.2.
Due to the parasitic vertical p-n-p transistor, the conventional diode string causes
more leakage current flowing into the substrate. If the gain of the parasitic vertical

p-n-p transistor is more than unity or even larger, the blocking voltage across the
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conventional diode string can not increase linearly as the number of stacked diode
increases. This means that more stacked diodes would be needed to sustain the

required blocking voltage.

4.2 DESIGN ON POWER-RAIL ESD CLAMP CIRCUIT

4.2.1 Low-Leakage current Diode String (LLCDS)

The cross-sectional view of the new proposed of LLCDS in a 0.18-um BiCMOS
SiGe process is shown in Fig. 4.3. The equivalent circuit of LLCDS is shown in Fig.
4.4. Compared with the conventional P+/N-well diode string, the diode structure in
LLCDS is formed by the N+/ P-well junction.while a deep N-well is used to isolate
the P-well from the common P-substrate. In“this design, the node of deep N-well in
LLCDS is connected to VDD through a tesistor R. With the node of deep N-well
connecting to VDD, the substrate leakage current due to the parasitic vertical p-n-p
transistor (P+/deep N-well/P-sub) is not the concern. However, the leakage current
from the parasitic n-p-n transistor in LLCDS will generate, as the equivalent circuit
show in Fig. 4.4. The resistor R in LLCDS is applied to further reduce the leakage
current from the parasitic n-p-n transistor. The optimized value of resistor R can be
derived by the formulas.

The total current flowing into LLCDS should equal to the total current flowing out

the device. The total leakage current of LLCDS can be derived as:

Itotal leakage = ICl + IC2 + IC3 + IC4 +IA (1)

From the experimental results, the voltage drop across the resistor R is smaller

than the voltage drop between the base-emitter of the first parasitic BJT. As a result,
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BJT1 will be in the saturation region and BJT2, 3 and 4 will be in the active region.

So the collector and emitter current could be easily derived as following.

I —a, (eVE/T-1)—a (eWeC/T1) )

o =a, (eee/M ) —a (e™ec/iT ) 3)

VBCl =R xlb 4)

V. = (kT /a)[In(1gy+1)-1n(15) ], forn =1~ 4 5)
4

Vo, = nz_:‘(kT/q)[ln(IEnJrl)—ln(ls)] ©)

According to equation (4)-(6), the emitter and collector current can be derived.
ey =y (e )/1-1) - 2, (B9 7

I, = a,, ((|E1+1)/Is_1) ~a,, (eR ¥ ) )

From the equivalent circuit, the collector.current of the BJT2 is the B gain relation

with the emitter of the BJTI.

le, = Byl =5, lg )
The value of  of the BJT2 will be determined by its base- emitter voltage.

B, = ANy /&, (Vbi —VBEz) (10)
For the same reason, the collector currents of the others can be derived.

ley = Bl =58,81¢, (11)

By =aNg /& (Vbi _VBE3) (12)
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ley = Blp, =B85, 1, (13)

B, =dNg /&, (Vbi _VBE4) (14)

oy 1oy + 1oy + 1o, = 1oy +( Bt BBt BoBsBa) 1, (15)

I, = [(an/Is—all)—alz(eqR'b/kT —1)}/(1—a11/ls) 16)

all = qA|:Dpn|2/NBW+DEnEo/LE:| (17)
2

a, = qADIOni I NgW (18)

lgr = 1g — ey (19)

So, the total leakage current-can be expressed by the following equation and it is
the function of R. The minimum value of leakage current can be found by letting the

differentiation equal to zero, and the optimized value of R could be found.

ITotal Leakage ( I+, + ﬁ2ﬂ3+ﬂ2ﬁ3ﬂ4) IE1 - ( 1+/,+ ﬂ2ﬂ3+ﬂ2ﬁ3ﬂ4) x

[(all/Is—a“)—alz(eqR'b/kT —1)}/(1—a11/ls) = f(R) (20)

The simulation result is shown in Fig. 4.10. There is a minimum value of total
leakage current when R is 30kohm. As a result, it can verify the minimum total

leakage current exist in LLCDS by choosing a suitable value of R.

4.2.2 Low-Leakage-Current Diode String2 (LLCDS2)
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In order to further reduce the total leakage current of LLCDS, there is another
method to reduce the total leakage current. The LLCDS2 and its equivalent circuit are
shown in Fig. 4.5.

In this method, the  gain of the parasitic bipolar transistor can be lower then the
first method, because every resistance connects between the collector of one parasitic
bipolar and the collector of the next. When the current flows through the resistance,
the voltage drop reduces the collector-emitter voltage of each parasitic bipolar. As a
result, the B gain of the parasitic bipolar transistor can be reduced successfully.

The equations are derived as following:

ITotal Leakage - Ib + IA

21)
Lp = lg (22)
V. = VDD - RxI, 23)
R x |b < VBEl (24)

According to the experimental result, the equation (24) can be proved, so the
parasitic BJT1,2, and 4 are in saturation region; the parasitic BJT3 is in active region.

The emitter and collector current are derived.

I =a, (quBE/kT _1) ~a, (quBC/kT _1) 25)
. =a,, (quBE/kT _1) -a, (quBC/kT _1) 26)
l, =1lg + 1, (27)
=Ty + gy (28)
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According to equation (27),(28),

vl e e 29)
Vac) = Rx 1y 50)
Vye, = (kT/a) [In(1g, +1)-In(1,) | n =1~ 4 (31)

According to equation (29), (30) and (31), the emitter and collector current of the

first parasitic bipolar can be derived.

I, =a, ((|E1+1)/Is_1) —a, (eRb/KT_y) (32)

ley = ay, ((|E1+1)/|3_1) ~ay (equb/kT _1) (33)

Consider the second parasitic bipolar, its voltage and current can be calculated.

Voo, =Rx 1, +Rx 1 (34)
V., = (kT/9)[In(1g,+1)-n(1}] (35)
1, = a, ((1ga+1)/1,-1) —a ) (eR(012)/KT ) (36)
I, = ay, (12 +1)/15-1) —a (eRbr2/KT_y) (37)

Because the third parasitic bipolar is in the active region, its voltage and current

can be derived in another formula.
By =aNg /& (Vbi _VBE3) (38)

e, = Byl =B, = Ny /e, (Ve —Vaes) x (a,, (1, +1)/15-1)

~a, (eqR(Ib+I2)/kT _1)} (39)

For the fourth parasitic bipolar, its collector node connects to ground so it works
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in the saturation region.

Vees = Vacy (40)
le, =(a, - alz)((|E4+1)/|s_1) (41)
ley =3y - azz)((|C4+1)/|s_1) (42)

After calculating all parasitic bipolar, the total leakage current of this diode string

can be get.

=l y+ly =1+, +1l, +l =1+ 1, +1 (43)

I Total Leakage C2 C3 El Cc2 C3

According to equation (33), (37) and (39), the total leakage can be calculation
more detail. In this circuit, the B gain of the parasitic bipolar transistor is reduced by
applying these resistors. As the result, thestotal leakage current of LLCDS can be

reduced in advance and smaller:than the first: method.

- qRIp /KT
IToatal Leakage a, ((IEl+1)/IS_1) , P (e ° ﬂl) ta,, ((IE2+1)/|5_1)

—a, (eRIHDKT_1) g N, /e, (Vy—Vees)

(44)
= f(R)
The simulation result is shown in Fig.4.12. There is a minimum value of total

leakage current when R is 50kohm. As a result, it can verify the minimum total
leakage current exist in LLCDS2 by choosing a suitable value of R. Furthermore, the

total leakage current of LLCDS2 is smaller than this of LLCDS. It can reduce total

leakage current successfully by adding more stage R in LLCDS2.

4.2.3 HBT Triggered by LLCDS
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Using diode trigger HBT has been studied [21] and its circuit design is shown in
Fig. 4.6. However, the leakage current of this triggered circuit is studied less. Besides
LLCDS alone, the total leakage current can be further reduced with the addition of
HBT to LLCDS, as shown in Fig. 4.7. This scheme has a smaller leakage current even
under high-temperature condition.

Considering the part of LLCDS in this power-clamp circuit, the parasitic BJT1
will be in the saturation region and the parasitic BJT2, 3 and 4 will be in the active

region. So the collector and emitter current could be easily derived as following.

| = all (quBE /KT _1) _ alz (quBC /KT —l) (45)

I, =a, (quBE/kT _1) -a, (quBC/kT _1) (46)

Because that:

Vec: = Rx 1y @)

Veen = (kT/q) [ln(IEn"'l)_ln('s):l, forn=1~ 4 as)
4

Vo, - Z_; (KT /@) In(gn+1)-1(15) = Vie (g -

The equation (49) is the key point to differ from pure LLCDS, because the
LLCDS does not connect to ground but the base of HBT. Under this condition, all
current of LLCDS will flow into the base of HBT and the resistance (Ro).

The equation of the total leakage current could be derived by the similar way. For
the SiGe HBT, the base current and the collector current can be expressed as the
function of Vgg.

The equation of leakage current still can be derived as:
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| =VBE(R,R0)/RO+IB+IC. (50)

total leakage

GADpel” Ve (R.Ro )/ KT
Where IB - We Ny, € , (51)

B gAD,,n.2 qVge (R.Ry)/KT

and 'c T TWoNg © . (52)

The D, 1s the diffusion coefficient of emitter, Ng. is the emitter doping, Dy, is the
diffusion coefficient of base, and Ny, is the base doping.

The resistance (Ro) between the base node of SiGe HBT and ground will affect
the total leakage current. Thus, there will be two design parameters, R and Ro, in this
circuit. The condition of the total leakage current in this circuit with the SiGe HBT
device is different from the one in LLCDS alone because of the SiGe HBT.

These parameters used in SPICE are listed at table 4.1, and those measured from

the experiment are listed at table 4.2.
4.3 EXPERIMENTAL RESULTS

The design had been fabricated in a 0.18-um BiCMOS SiGe process. During
measurement, the cathode of LLCDS and the substrate are grounded with two
separated channels, so that the cathode current and the substrate leakage current can
be monitored separately. The DC characteristics of the conventional diode string,
LLCDS, and LLCDS2 are shown in Fig. 4.8, Fig. 4.9, and Fig. 4.10, respectively.
According to experimental results, LLCDS and LLCDS2 can have lower substrate
leakage current than the conventional diode string.

LLCDS and LLCDS2 have a lower substrate leakage current because there is a
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bias applied in the node of deep N-well. In Fig. 4.12, the relationship between bias
resistance (R) and the total leakage current through LLCDS with four diodes (N=4) is
measured under different temperatures. Because the value of resistance is about kilo
ohm order, the N-well resistance is used in these circuits. The total leakage current
through the diode string (N=4) is increased when the temperature increases from 25°C
to 125°C. Under this condition, the value of bias resistance can be optimized even
under high temperature condition.

The relationship between bias resistance (R) and the total leakage current through
LLCDS with four diodes (N=4) under different temperatures is shown in Fig.4.14.
Compared with Fig. 4.12, the total leakage current indeed reduces in advance.
Because adding more stage R, the parasitic bipolar junction transistor can work in
saturation region without 3 gain of‘base current.

From the measured results, ELEDS (N=4) with a‘bias resistance of 10 kohm has a
minimum leakage current. LLCDS indeedrhas-a lower leakage current if the value of
R was chosen properly. The equations to-minimize the leakage current of LLCDS
with different diode stages or different blocking voltages can be calculated from the
aforementioned equations.

The relationship between voltage and the total leakage current of the conventional
diode string, LLCDS, and LLCDS2 under 125°C for N=4 are shown in Fig. 4.15.
With a bias resistance of 20 kohm, the ESD robustness of LLCDS with different diode
numbers in series is investigated by the transmission-line-pulse generator (TLP) with
pulse width of 100ns. The dependence of secondary breakdown current (It2) of the
conventional diode string, LLCDS, and LLCDS2 on the diode number (N) in series is
shown in Fig. 4.16, where every diode has the same device dimension of W/L =

40pum/12um in layout pattern. However, the secondary break-down current (It2) of the
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conventional diode strings and LLCDS with different diode numbers (N) in series did
not have obvious variation.

With an It2 of higher than 4A, the diode sting (under N=4) can sustain the
human-body-model ESD level of 6 kV. In Fig. 16 the It2 of LLCDS does not decrease
when diode number increases. Thus, the number of diodes in the diode string can be
reasonably increased to get a higher blocking voltage without degrading the ESD
robustness.

The relationship between Ro and total leakage current of the HBT triggered by the
conventional diode string, HBT triggered by LLCDS, and HBT triggered by LLCDS2
under 125°C for N=4 are shown in Fig. 4.17. After adding a SiGe HBT, the leakage
current was reduced substantially in LLCDS with a HBT while it was not reduced in
the conventional diode string with.a HBT. The conventional diode string has a smaller
blocking voltage because of the serious substrate. leakage current, so the Vgg of the
HBT would be higher than its countetpast-in =l DS with a HBT.

As a result, the leakage current of the.conventional diode string with a HBT is
much larger than LLCDS with a HBT under high-temperature condition. The TLP I-V
curve of the HBT triggered by conventional diode string is shown in Fig. 4.18 for
N=4 per unit area of the HBT. The TLP I-V curve of the HBT triggered by LLCDS is
shown in Fig. 4.19 for N=4 per unit area of the HBT. The TLP I-V curve of the HBT
triggered by LLCDS2 is shown in Fig. 4.20 for N=4 per unit area of the HBT.
Because the weakest point is at the collector-emitter junction of the HBT, the ESD

robustness of these circuits will be limited by the HBT.

4.4 CONCLUSION
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A new design for the diode string in 0.18-um SiGe BiCMOS process has been
proposed and verified. With the additional extra bias to supply little current into the
deep N-well of diodes in the LLCDS, the overall leakage current of LLCDS can be
minimized. By selecting a suitable bias resistance, the total leakage current of LLCDS
can be kept much smaller than that of the conventional diode string. The new
proposed LLCDS and the LLCDS-triggered SiGe HBT are very suitable for applying
in the power-rail ESD clamp circuits in cooperation with the input ESD diodes to

achieve good RF ESD protection design in the SiGe BICMOS technology.
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Fig. 4.1 The whole-chip ESD protection design with the diode string applied in the
power-rail ESD clamp circuit.
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Fig. 4.2 The cross-sectional view of the conventional diode string.
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Fig. 4.3 The cross-sectional view of LLCDS in 0.18-um BiCMOS SiGe.
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Fig. 4.4 The equivalent circuit of LLCDS in 0.18-um BiCMOS SiGe.



Fig. 4.5 The equivalent circuit of LLCDS2 in 0.18-um BiCMOS SiGe.
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Fig. 4.6 The circuit design on HBT triggered by diode for low-voltage power
supply.
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Fig. 4.7 The equivalent circuit-of LECDS applied in another power-rail ESD clamp
circuit.
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Fig. 4.8 The DC characteristics of the conventional diode string at 25°C.
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Fig. 4.9 The DC characteristics of LLCDS at 25°C.
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Fig. 4.10 The DC characteristics of LLCDS2 at 25°C.

-62 -

Substrate current (A)



45

—=— 125°C Simulation
sb "

35

30

25 = \ .//./.

10k 20k 30k 40k 50k 60k 70k 80k 90k 100k --
Bias Resistance (ohm)

Total Leakage Current (uA)

Fig. 4.11 The simulation result of the;relationship between bias resistance (R) and
total leakage current of LLCDS with diode number of N=4 and bias condition of
VDD=1.8V, at the temperatures of 125°C,
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Fig. 4.12 The relationship between bias resistance (R) and total leakage current of
LLCDS with diode number of N=4 and bias condition of VDD=1.8V, measured at the
temperatures of 25°C, 75°C, and 125°C, respectively.
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Fig. 4.13 The simulation result of the;relationship between bias resistance (R) and
total leakage current of LLCDS2 with diode number of N=4 and bias condition of
VDD=1.8YV, at the temperatures of 125°C,
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Fig. 4.14 The relationship between bias resistance (R) and total leakage current of
LLCDS2 with diode number of N=4 and bias condition of VDD=1.8V, measured at
the temperatures of 25°C, 75°C, and 125°C, respectively.
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Fig. 4.15 The total leakage current of the;eonyentional diode string, LLCDS, and
LLCDS2 under 125°C for N=4 and:R=10 kohm.
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Fig. 4.16 The dependence of secondary breakdown current (It2) of the conventional
diode string, LLCDS and LLCDS2 on the diode number (N) in series.
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Fig. 4.17 The relationship between Ro and total leakage current of the HBT
triggered by conventional diode string , HBT triggered by LLCDS, and HBT triggered
by LLCDS?2 at bias resistance (R),=:10 kohm tnder diode number of N=4 and bias
condition of VDD=1.8V, measured at thestemperatures of 125°C.
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Fig. 4.18 The TLP I-V curve of the HBT triggered by conventional diode string for
N=4, VDD=1.8V, and R=Ro=10 kohm.
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Fig. 4.19 The TLP I-V curve of the HBT triggered by LLCDS for N=4, VDD=1.8V,
and R=Ro=10 kohm.
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Fig. 420 The TLP I-V curve of the HBT triggered by LLCDS2 for N=4, VDD=1.8V,
and R=Ro=10 kohm.
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TABLE 4.1

Parameters of devices used in the SPICE simulation

B Is (Amp) Dy Deg | W (nm) n
Parasitic bipolar 20 8.88e-18 0.989 1.22 30.2
HBT bipolar 393.3 | 5.93e-19 0.485 2 7.6
Diode 1.7e-13 1.04
TABLE 4.2

Parameters of devices measured from the experimental results at 25°C

B IS(Amp) | n
Parasitic bipolar 20
HBT bipolar 360
Diode 1.1e-12 | 1.47
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Chapter 5

Summary and Future Works

5.1 SUMMARY

In chapter 2, the characteristics of diodes with different structures in the SiGe
BiCMOS process have been investigated. A high ESD robustness can be achieved for
the diodes under forward-biased condition. The ESD robustness of SiGe hetrojunction
bipolar transistor in the SiGe BiCMOS process has been also characterized. If the
emitter width of SiGe HBT is fixed at 0.45. um, the order of ESD robustness is: LV
SiGe HBT = HV SiGe HBT <-HS SiGe HBT. However, when the emitter width of
SiGe HBT is fixed at 1.5 um, the order of ESD robustness is: LV SiGe HBT > HS
SiGe HBT > HV SiGe HBT. With ‘the proper layout parameters, SiGe HBT can
perform double ESD robustness than that of NMOS device in the SiGe BiCMOS
process.

In chapter 3, a new design on the diode string in 0.18-pum SiGe BiCMOS process
has been proposed and verified. From the experimental results, the total blocking
voltage of the diode string can be effectively increased by an extra bias to the deep
N-well through a bias resistance. Although the additional extra bias will cause some
current into the diode string, a bias resistance can minimize the overall leakage
current of the diode string. Optimization design on the bias resistance and circuit
implementation are studied and verified in detail in chapter 4.

In chapter 4, although the additional extra bias may cause leakage current into
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LLCDS, the overall leakage current of LLCDS can be minimized by a bias resistance
and the total leakage current can be effectively reduced as compared to that of the
conventional diode string. This new proposed diode string is very suitable for
applying in the power-rail ESD clamp circuit and the ESD connection cell between

the separated power lines.

5.2 FUTURE WORKS

In this thesis, the diode strings as the power-rail ESD clamp circuit are developed
in SiGe process with low leakage current and high ESD robustness. Because the value
of resistance affects the work region of the parasitic BJT, using different values of
resistance to optimize the leakage current.can be studied in the future. The ESD
protection circuit should not interfere with the internal circuits during normal circuit
operating condition, while it can provide effective ESD protection to the internal

circuit under ESD stress condition.
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