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ICs and ESD
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Goal
Understand the real-world constraints on our IC

Understand why you must always handle ESD on an IC
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RPLY
The project for 2023 is to design an integrated temperature sensor. 
The hope is that some will tapeout on the Google/Efabless Open 
MPW shuttle
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The real world constrains our IC
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Q: What blocks must our IC include?
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ESD
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Electrostatic Discharge

If you make an IC, you must consider 
Electrostatic Discharge (ESD) Protection 
circuits

Standards for testing at JEDEC
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https://www.jedec.org/category/technology-focus-area/esd-electrostatic-discharge-0


When do ESD events occur?

Before/during PCB
Human body model (HBM)

Charged device model 
(CDM)

After PCB
Human body model (HBM) 

System level ESD 
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Human body model (HBM)

• Models a person touching a device with 
a finger

• Long duration (around 100 ns)

• Acts like a current source into a pin

• Can usually be handled in the I/O ring

• 4 kV HBM ESD is 2.67 A peak current
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An ESD zap example

 Imagine a ESD zap between VSS and 
VDD. How can we protect the device? 
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2,6A
Q: Why does this 

work?
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If you don't do the layout right3
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Fig. 5. Layout top view of the self-protecting fully silicided I/O buffer in a
CMOS IC product.

power-rail ESD clamp circuit when such N-well ballasting
technique was applied in the I/O buffers.

The target for ESD robustness of those IC products requested
by customers is to pass a 6-kV HBM ESD test [35]. To verify
the ESD robustness, the starting voltage of HBM ESD test is
0.5 kV, and the step voltage during ESD tests is 0.5 kV. Each pin
is stressed three times with the specified HBM ESD level, and
the failure criterion is I–V curve shifted over 20% as compared
to the original I–V curve before ESD stress. The test will
stop when ESD failure happens on one or more I/O (including
power) pin(s).

A. Fully Silicided I/O Buffer Without Ballasting

In nowadays CMOS ICs, to minimize the required layout
area for I/O buffers, self-protecting I/O design (I/O buffer with-
out additional ESD protection devices) is usually adopted. The
layout of the self-protecting I/O buffers in a CMOS IC product
is shown in Fig. 5. Gate length in the I/O buffer is increased to
avoid the reverse channel length dependence [37]. The device
dimension for driver NMOS (MN1) is 480 µm/1.25 µm with
each finger width of 40 µm, and the device dimension for driver
PMOS (MP1) is 360 µm/1.25 µm with each finger width of
30 µm. The spacing for drain contact to polygate edge (Dcg) is
4.75 µm for both driver NMOS and PMOS, which is originally
drawn for SB rules. However, to reduce the fabrication cost, no
SB is adopted in the given CMOS process for IC production.
The main ESD protection NMOS in the active power-rail ESD
clamp circuit has the same layout style as that of the driver
NMOS in I/O buffer.

The ESD test results in Table I show that the fully silicided
I/O buffers without ballasting failed to pass the essential ESD
specification of 2-kV HBM ESD stresses. Among the ESD
measurements of the unballasted I/O buffers, PS-mode
ESD test shows the lowest ESD protection level. Under the
PS-mode ESD stresses, the ESD current is first discharged to

VDD through the forward diode DP inherent in MP1 and to
the grounded VSS through the power-rail ESD clamp circuit.
In spite of the gate-driven technique to enhance the turn-
on speed of the power-rail ESD clamp circuit during ESD
stresses [38], [39], the overshooting voltage on the I/O pad
cannot be completely suppressed due to the inevitable turn-
on resistance of devices and interconnects. Consequently, due
to the lack of proper ballasting design, when the overshooting
voltage on the I/O pad induces breakdown on the fully silicided
driver NMOS, it is easily filamented due to severe current
crowding and nonuniform triggering. A scanning electron mi-
croscope (SEM) image of the unballasted I/O buffer after 2-kV
PS-mode ESD stress is shown in Fig. 6, where the trace of
current filamentation is found on the driver NMOS. The failure
analysis (FA) result has verified that the driver NMOS is driven
into breakdown during the 2-kV PS-mode ESD test. Nonuni-
form triggering among the multiple fingers of the unballasted
driver NMOS can be clearly observed in Fig. 6, since ESD
failure only locates on one of the fingers. Moreover, the ESD
failure is located on the central portion of the finger. The
central portion of the finger is farther from the grounded guard
ring, so that the larger equivalent substrate resistance makes
the parasitic bipolar junction transistor (BJT) inherent in the
central portion easier to be triggered. The burned-out trace from
drain to the grounded source through silicon surface further
indicates that insufficient ballast resistance makes the ESD
current to crowd on the surface with limited shallow depths.
Accordingly, a Dcg spacing of 4.75 µm in a fully silicided
NMOS is insufficient to provide adequate ballast resistance due
to the small sheet resistance from silicides.

B. I/O Buffer With N-Well Ballasting Technique
on Driver NMOS

To enhance the PS-mode ESD robustness, the N-well bal-
lasting technique was applied to the driver NMOS of I/O
buffer [15]. The main ESD protection NMOS (MN2) in the
active power-rail ESD clamp circuit was also implemented with
N-well ballasting. The driver PMOS was still left unballasted
in this test. Fig. 7 shows the diagram of the I/O buffer with
a sketch of its metal connection to the I/O pad. To keep the
same cell width of I/O buffers in IC chips, both Dcg spacing
and gate length are kept the same as those in the I/O buffers
without ballasting. Spacing for island diffusion and drain dif-
fusion is 1.75 µm in layout. In the I/O buffers with N-well
ballasting, each finger width of driver NMOS is 30 µm, and
each finger width of driver PMOS is 25 µm. The total de-
vice dimension (W/L) of NMOS (PMOS) in I/O buffer is
360 µm/1.25 µm (300 µm/1.25 µm). The driver NMOS with
ballast N-well in this test was laid out with truncation to the
island diffusions to prevent ESD damage from the tips of N+
island diffusions to the P+ guard ring. With a foundry-provided
N-well sheet resistance of 800 Ω/!, the overall resistance
imposed on NMOS (with 12 fingers in parallel) due to the
ballast N-well is 800 Ω × (1.75 µm/30µm) ÷ 12 = 3.88 Ω.
With the operating frequency specification of 20 MHz in this
paper, the driving capability can be effectively compensated
by suitable transistor sizing to meet the desired specification
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TABLE I
ESD ROBUSTNESS AMONG THE I/O BUFFERS STUDIED IN THIS PAPER

Fig. 6. SEM image of the fully silicided I/O buffer without ballasting after
2-kV PS-mode ESD stress. ESD failure is found on only one finger of the
driver NMOS. Current filamentation is also observed on the surface of the driver
NMOS without ballasting.

of I/O applications. For example, the output resistance of a
driver NMOS with 12-mA driving specification is 0.4 V ÷
12 mA = 33.33 Ω, which is much higher than the 3.88-Ω
parasitic resistance from ballast N-well.

Moreover, the parasitic junction capacitance (Cj) and side-
wall capacitance (Cjsw) of N-well/P-substrate junction are
1.08 × 10−4 pF/µm2 and 7.32 × 10−4 pF/µm, respectively.
The Cj and Cjsw of N+/P-substrate junction are 6.19 ×
10−4 pF/µm2 and 2.58 × 10−4 pF/µm, respectively. Although
the Cjsw value for N-well is higher than the Cjsw value for N+
diffusion, the Cj value for N-well is much lower than the Cj

value for N+ diffusion due to the larger depletion width of
N-well/P-substrate junction. For self-protecting driver NMOS,
due to the large device width and the increased drain contact to
polygate spacing, the Cj value will take a major portion in the
overall junction capacitance. As a result, the added capacitance
due to ballast N-well can be still small without affecting the I/O
operating frequency specification of 20 MHz in this paper.

The ESD measurement results for the I/O buffers with
N-well ballasting technique are shown in Table I. Although the

Fig. 7. Diagram to show the metal connection to the I/O pad for the driver
NMOS with ballast N-well but the driver PMOS without ballasting.

N-well ballasting technique substantially increases PS-mode
ESD robustness to 7 kV, the 4-kV ND-mode ESD test result
has become the bottleneck for the I/O buffers to attain the
performance target of 6-kV HBM ESD robustness.

During the ND-mode ESD tests, ESD current is discharged
through the power-rail ESD clamp circuit and the forward diode
DN inherent in the driver NMOS. As a result, the voltage across
the VDD and I/O pad is

∆VND = [IESD×(Ron,Power−Rail+RVSS+Ron,DN)+Vt,DN]
(1)

where the Ron,Power−Rail and Ron,DN denote the turn-on re-
sistance of power-rail ESD clamp circuit and the diode DN

during ESD stresses, RVSS denotes the effective resistance of
the VSS interconnection, and Vt,DN denotes the cut-in voltage
of the diode DN . At high IESD level, i.e., high ESD stress
voltage, the ∆VND can exceed Vt1 of the driver PMOS, which,
in turn, induces the parasitic p-n-p BJT in the PMOS to be
turned on. As a result, part of the ESD current is discharged
through the driver PMOS under high ESD current conditions.
Due to the lack of proper ballasting, the ESD current discharged
through the driver PMOS is crowded within the shallow surface,
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Q: How can current in 
one place lead to a 
current somewhere 

else?
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You must always handle ESD on an IC

• Do everything yourself

• Use libraries from foundry

• Get help www.sofics.com
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http://www.sofics.com


Thanks!
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