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By using the pulsed laser single event effect facility and electro-static discharge (ESD) test system, the characteristics
of the “high current”, relation with external stimulus and relevance to impacted modes of single event latch-up (SEL)
and transient-induced latch-up (TLU) are studied, respectively, for a 12-bit complementary metal-oxide semiconductor
(CMOS) analog-to-digital converter. Furthermore, the sameness and difference in physical mechanism between “high
current” induced by SEL and that by TLU are disclosed in this paper. The results show that the minority carrier diffusion in
the PNPN structure of the CMOS device which initiates the active parasitic NPN and PNP transistors is the common reason
for the “high current” induced by SEL and for that by TLU. However, for SEL, the minority carrier diffusion is induced
by the ionizing radiation, and an underdamped sinusoidal voltage on the supply node (the ground node) is the cause of the

minority carrier diffusion for TLU.
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1. Introduction

The latch-up in bulk complementary metal-oxide semi-
conductor (CMOS) integrated circuits is related to PNPN
structure formed by parasitic NPN and PNP bipolar transis-
tors. These parasitic structures are inherent to bulk CMOS,
and if the latch-up is triggered in a manner which causes high
current, the circuit behavior can be disturbed. In general, the
latch-up includes a single event latch-up (SEL) and transient-
induced latch-up (TLU) due to different external stimulus. The
SEL is an event in which a single-particle interaction with a
semiconductor chip can lead to latch-up. It can be initiated by
a wide range of particle types. TLU means a latch-up event
initiated by a fast transient triggering mode. In this paper, the
triggering mode of TLU is electro-static discharge (ESD).

Numerous studies have now been done on SEL and
TLU.U"* The damage mode and hardening strategies of SEL
and TLU have been developed, respectively.>~7! Although the
SEL and TLU show similar responses to “high current”, it is
still not sure whether there are any correlations between the
“high current” ignited by SEL and that by TLU. Many re-
searchers have shown great concern about the sensitivities of
SEL and TLU as technology scales, while ignoring the com-
parative study between them.!3! It is a pity that SEL and TLU
are still studied and applied separately. The possible cor-
relation between them is unknown. More and more large-
scale devices show both SEL and TLU in space radiation
environment.!*!9 In this case, it is significant to study the sim-
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ilarities and differences between the “high current” induced
by SEL and TLU in order to take appropriate mitigation mea-
sures.

In this work, we propose to select the 12-bit CMOS
analog-to-digital converters (ADCs), AD7888 as representa-
tive samples to study the characteristics of the “high current”,
relation to external stimulus and relevance to impact modes
of SEL and TLU, respectively. In general, it is desired that
the similarities and differences of the physical mechanism be-
tween “high current” induced by SEL and that by TLU can be
disclosed.

2. Experimental method and samples

The SEL and TLU radiation experiments of AD7888 are
performed at the pulsed laser single event effect facility!'!]
and ESD test system, respectively, in the National Space Sci-
ence Center of China. The key parameters of the pulsed
laser are as follows: wavelength 1.064 pm, pulse width
25 ns, the spot size 2 pm~3 pm, pulse repetition frequency
1 kHz~50 kHz, equivalent linear energy transfer (LET)
0.1 MeV-cm™?/mg~200 MeV-cm~2/mg.

the measurement setup of the ESD testing with the indirect

Figure 1 shows

contact-discharge test mode, which consists of the horizontal
coupling plane (HCP), insulation plane, and ESD gun. The
ESD test follows the international standard (IEC 6100-4-2).
When the ESD gun zaps to the horizontal coupling plane, the
device under test (DUT) will be disturbed due to the high ESD-
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coupled energy (see Fig. 1). The discharge mode of the ESD
test system is a single discharge. The discharge voltage is var-
ied from 500 V to 20 kV.

ground reference plane
Fig. 1. (color online) Schematic diagram of ESD test system.
Three 12-bit CMOS ADCs (AD7888 manufactured by

AD) with the same batch are chosen. An operating voltage
of 5 V is applied to the test device. The substrate depth of

0.08

AD7888 is about 220 um. Plastic package and metal opacity
are very difficult issues because they prevent the laser beam
from reaching the sensitive areas of SEL. The metal layers
cover a large part of the front side of AD7888. Consequently,
a backside laser test should be adopted at the silicon layer after
etching.

3. Experimental results and discussion
3.1. Parameter changes before and after radiation

The test devices are irradiated by a pulsed laser with 13-
nJ energy and 5-mm/s scanning speed. The sensitive areas
of SEL for AD7888 are shown in Fig. 2(a), and the SEL
currents varying with time in different regions are shown in
Fig. 2(b). There are three independent regions (each is marked
with a black rectangle in Fig. 2(a)), which are very sensitive to
SEL. When these regions are irradiated by laser, respectively,
the SEL currents of devices all increase rapidly within about
250 ns (the SEL current increases from 4 mA to 60 mA for
region 1, the SEL currents of region 2 and region 3 increase
up to 71 mA and 55 mA respectively), as shown in Fig. 2(b).
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Fig. 2. (color online) Sensitive regions of SEL and TLU (a) and the changes of SEL current with time (b) in different regions of AD7888.

The sensitive area of TLU (region 4, marked with a black circle) for AD7888 is also shown in Fig. 2(a) by the ESD testing.
The changes of supply voltage and current of the test devices with time under ESD voltages of 500 V and —1800 V are shown
in Fig. 3 and Fig. 4, respectively. No matter which ESD voltage is applied: 500 V or —1800 V, the variations of supply voltage and
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Fig. 3. Changes of discharge current (a) and supply voltage and current (b) with time for the test device under an ESD voltage of 500 V.
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Fig. 4. Changes of discharge current (a) and supply voltage and current (b) with time for the test device under an ESD voltage of —1800 V.

current of the test device with time clearly show underdamped
sinusoidal oscillation.!®) When the ESD voltage is 500 V, the
transient discharge current is as large as about 1.7 A and the
transient peak voltage and current are greater than 30 V and
200 mA, respectively. Clearly, the supply voltage with initial
+5 V will become an underdamped sinusoidal voltage due to
the disturbance of the ESD energy. When the ESD voltage
keeps increasing, the TLU can be initiated and the TLU cur-
rent will instantaneously increase to 119 mA. The damping
times of supply voltage and current of the test device are both
about 0.18 us, as shown in Fig. 3(b). With an ESD voltage
of —1800 V, the measured transient waveforms of discharge
current, supply voltage, and supply current are similar to those
in Fig. 3. The peaks of transient discharge current, supply
voltage, and supply current are greater than —4 A, 120 V, and
600 mA, respectively, as shown in Fig. 4. The damping time
observed in Fig. 4(b) is about 2.2 us, and the TLU current is
still 119 mA.

3.2. Discussion

3.2.1. Latch-up current

The latch-up current is a visual characteristic of SEL and
TLU effect. The amplitude of latch-up current reflects the sen-
sitivities of the responses to SEL and TLU effect. To investi-
gate the difference between “high current” induced by SEL
and that by TLU, 1000-times enlarged photographs of the sen-
sitive areas of SEL and TLU (which are shown in Fig. 2(a))
are shown in Fig. 5. The analysis of the extracted layout shows
that the three sensitive areas of SEL all belong to the logical
circuits and the sensitive area of TLU is the input/output (I/O)
cell for AD7888.

According to the layout rule of CMOS process, the sizes
of transistor in an I/O circuit is larger than that in a logical cir-
cuit, and the equivalent resistance of an I/O circuit is smaller

than that of a logical circuit in most cases. Numerous stud-
ies show that the size of transistor and equivalent resistance
in PNPN structure are directly related to the sensitivity of the
latch-up.">~151 In general, the PNPN structure formed by the
larger size of transistor needs a higher triggering energy of the
latch-up. In addition, because of the smaller equivalent re-
sistance in an I/O circuit, the latch-up current induced by TLU
(119 mA) is larger than those induced by SEL (71 mA, 60 mA,
and 54 mA) in the same test device.

metal

metal

7 pm

Fig. 5. (color online) The 1000 times enlarged photographs of the sensitive
areas of region 1 (a), region 2 (b), region 3 (c), and region 4 (d).

3.2.2. Latch-up holding voltage

The latch-up holding voltage is the voltage in a low-
voltage/high-current state that first occurs during latch-up.
When the supply voltage of the test device is higher than the
latch-up holding voltage, the latch-up effect of the test device
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occurs. The changes of the supply current with the supply
voltage for SEL (incidence region 1, incidence region 2, and
incidence region 3) and TLU in AD7888 are shown in Fig. 6.
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Fig. 6. (color online) Changes of the supply current with the supply volt-
age for SEL and TLU.

When the supply voltage of the test device decreases from
its normal operating voltage (5 V) to 2.4 V, the supply cur-
rent of region 1 decreases from 60 mA down to 1 mA. With
a further decrease from 2.4 V to 2.3 V, the supply current of
region 3 is reduced from 13 mA to 1 mA. The supply current
of region 2 is reduced from 8 mA to 1 mA while the supply
voltage further decreases to 1.85 V. Therefore, the test device
that is shot at each sensitive position would be released from
SEL when the supply voltage of the test device is reduced
down to 1.85 V. However, for the supply current of the test
device induced by TLU, the supply current is reduced from
8 mA to 0 mA while the supply voltage of the test device is
lower than 1.65 V. The test device is free from TLU at this
moment. Many researchers!”>! have shown that there is a
relationship between latch-up holding voltage and the sensi-
tivity of latch-up effect for CMOS technology. As the latch-
up holding voltage decreases, the sensitivity of latch-up effect
increases. Therefore, it is found that TLU is much easier to
trigger for the test device.

3.2.3. Relationship with the external stimulus

The changes of the SEL and TLU current with external
stimulus are shown in Fig. 7. With an ESD voltage of 500 V,
TLU is triggered and the TLU current is 119 mA in CMOS
AD7888. However, with an ESD voltage of 1.5 x 10* V, the
TLU current is still 119 mA, as shown in Fig. 7(a). A simi-
lar result is shown in Fig. 7(b). As the laser energy increases
from 3.6 nJ to 13 nJ, the SEL current of the test device keeps
constant (the SEL currents of region 1, region 2, and region 3
are 60 mA, 71 mA, and 55 mA, respectively).

From Fig. 7, it is found that neither the SEL current nor
TLU current can be influenced by changing the stimulation
mode (increasing the ESD voltage or laser energy) as the latch-
up effect of the test device is triggered. Some reports!® have
shown that the collector-emitter voltage of the parasitic bipo-
lar transistor decreases due to the increase of the voltage of
the load resistance because the latch-up current is large. Be-
cause of the decrease of collector-emitter voltage of the para-
sitic bipolar transistor, the operating mode of the test device is
changed from the amplification state to saturation state, which
finally causes the saturation of the latch-up current. This may
explain why SEL current and TLU current are independent of

the change of external stimulation.
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Fig. 7. (color online) Changes of SEL (a) and TLU (b) current of the test
device with external stimulus.

3.2.4. Impacted mode

The impacted modes of SEL effect and TLU effect in
CMOS PNPN structure are shown in Fig. 8. Under the nor-
mal operating condition, the anode (Vy4) and the cathode (Vis)
of the PNPN structure are isolated by a reverse biased well-
substrate junction and only a small leakage current of the diode

flows between them.
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In a heavy ion event, the heavy ion can interact with a
CMOS PNPN structure. Many electron-hole pairs are gen-
erated in the process, as shown in Fig. 8. Because of the
reverse biased well-substrate junction, a large number of the
minority carriers drift from N-well region to substrate, which
makes the potential of N-well decrease and the potential of
substrate increase.[’) When the potential difference between
them reaches a certain level (> 0.7 V), the lateral transistor
formed by NT-source, P-substrate, and N-well is activated,
and likewise, the vertical transistor formed by P*-source, N-
well, and P-substrate is also activated due to the falling N-well
potential. When the two parasitic transistors are activated si-
multaneously, a regenerative feedback between the parasitic
npn and the pnp is formed, as shown in Fig. 5. As a result,

SEL eventually occurs.

heavy ions

P-substrate

Fig. 8. Schematic diagram of the impacted modes of SEL and TLU.

However, the impacted mode of TLU is different from
that of SEL. When the electromagnetic pulse caused by ESD
impacts the Vgq node (Vi node) of the PNPN structure, an
underdamped sinusoidal voltage will be generated, which is
shown in Fig. 3 and Fig. 4. Taking Fig. 3(b) for example, the
measured transient responses of the supply voltage and cur-
rent can be divided into several parts for a detailed discussion
in the time domain. Firstly, during the period of 0 <t < 2 ns,
the supply voltage begins to decrease rapidly from its normal
operating voltage (5 V) and will eventually reach a negative
peak voltage of —8 V at t = 2 ns. The potential difference
between the N-well and P-substrate decreases gradually with
supply potential decreasing from 5 V to 0 V. When the po-
tential difference between them is lower than —0.7 V, the PN
junction transistor formed by N-well and P-substrate is acti-
vated. Hence, a lot of minority carriers in the N-well region
are injected into the substrate, which causes the supply cur-
rent to negatively increase. Secondly, during the period of
2 ns< t <7 ns, the supply voltage increases from the negative
peak voltage to the forward peak voltage (25 V). At this time,

the N-well/P-substrate junction will rapidly change from the
forward-biased state to its original reverse-biased state. Mean-
while, inside the N-well region, a large number of stored mi-
nority holes offered by the forward peak current at t = 7 ns,
will be instantaneously swept back to the P-substrate region
where they originally come from.!”! Thus, such a sweep-back
current will produce a localized voltage drop while flowing
through the parasitic N-well or P-substrate resistance. Once
this localized voltage drop approaches to some critical value,
the parasitic pnp and npn transistors will be activated, and then
TLU is triggered.

Based on the above analysis, it can be clarified that the
minority carrier diffusion induced by irradiation in a PNPN
structure is a major impacted mode of SEL. For TLU charac-
terization, an underdamped sinusoidal voltage caused by ESD
on the Vyq node (Vg5 node) of the PNPN structure is identified

as a major cause.

4. Conclusions

In this paper, the response characteristics of SEL and
TLU effect for CMOS AD7888, including the characteristics
of the “high current”, relation with external stimulus and rel-
evance to impacted mode, are studied. It is demonstrated that
it is more sensitive to TLU for the CMOS AD7888 by making
a comparison of the holding voltage between SEL and TLU.
Once SEL or TLU is triggered, the latch-up current is irrele-
vant to the external stimulus.

What is more, the minority carrier diffusion which causes
the active parasitic npn and pnp transistors in PNPN structure
is the potential impacted mode of SEL and TLU. However, the
different reasons which initiate the minority carrier diffusion
between SEL and TLU are the main differences. For the im-
pacted mode of SEL, the changes of N-well and P-substrate
potential, caused by the heavy ions, are the major cause of the
minority carrier diffusion. But the underdamped sinusoidal
voltage induced by ESD on the Vg4 node (Vi node) of the
PNPN structure can result in the minority carrier diffusion for
TLU impact.
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