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Bidirectional Transient Voltage Suppression Diodes for
the Protection of High Speed Data Line from
Electrostatic Discharge Shocks
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Abstract—A bidirectional transient voltage suppression
(TVS) diode consisting of specially designed p-n""-p°
multi-junctions was developed using low temperature
(LT) epitaxy and fabrication processes. Its electrostatic
discharge (ESD) performance was investigated using I-
V, C-V, and various ESD tests including the human
body model (HBM), machine model (MM) and IEC
61000-4-2 (IEC) analysis. The symmetrical structure
with very sharp and uniform bidirectional multi-
junctions yields good symmetrical I-V behavior over a
wide range of operating temperature of 300 K — 450 K
and low capacitance as 6.9 pF at 1 MHz. In addition, a
very thin and heavily doped n"" layer enabled I-V
curves steep rise after breakdown without snapback
phenomenon, then resulted in small dynamic resistance
as 0.2 Q, and leakage current completely suppressed
down to pA. Manufactured bidirectional TVS diodes
were capable of withstanding + 4.0 kV of MM and * 14
kV of IEC, and exceeding = 8 kV of HBM, while
maintaining reliable I-V characteristics. Such an
excellent ESD performance of low capacitance and
dynamic resistance is attributed to the abruptness and
very unique profiles designed very precisely in pn"p’

multi-junctions.
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I. INTRODUCTION

Electrostatic discharge (ESD) is known as a high pulse
current and voltage with a fast decay time source, which
can break the insulators, junctions and metal
interconnects in electronic devices and the integrated
circuits (ICs) [1]. As the IC dimension has been
continuously scaled down, it realized higher packing
density, faster operation speed and lower power
dissipation. The semiconductor components also become
smaller and lead to the increase in the probability of
being damaged by ESD [2]. In general, since ESD can
have either a positive or negative polarity, bidirectional
ESD protection devices are necessary to protect sensitive
electronic components, IC chips and circuits, especially,
a bidirectional signal I/O line. Both n-p-n and p-n-p
structures have been widely used as the main part of a
bidirectional ESD protection device such as bidirectional
silicon control rectifiers (SCRs) [3, 4] and punch-through
diode [5]. Bidirectional snapback devices like SCRs are
excellent in achieving low clamping voltage and small
turn-on resistance. However, low holding and high
triggering voltages are the main problem. Moreover, the
affects the

transportation as current crowded, and leads to the

complicated lateral structure carrier
increase in the device temperature more seriously as
compared to vertical structure. The heating problem is
the major cause of degradation and failure, and results in

poor ESD performance. Meanwhile, the punch-through
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diodes get a lot of expediency such as low leakage

current, capacitance and breakdown without snapback [6].

Conventional, punch-through diodes are essentially
three-layer structures (n“pn* or p'np*) using wide lightly
doped base region, which leads to high dynamic
resistance (turn on resistance) [7, 8]. In previous works
[9, 10], it was reported that transient voltage suppression
(TVS) diodes (ppn" and nnp* structures) achieved
excellent ESD performance, small dynamic resistance
and low clamping voltage.

Therefore, in this work, we purpose to develop a new
bidirectional TVS diode consisting of p“pn"pp*™
junction structures using epitaxial layers. To avoid the
snapback phenomenon, the p-n-p structure is known
more attractive in fact [11]. The vertical structure with a
very thin and heavily doped n-type layer enabled I-V
curve steeper after breakdown to suppress snapback
phenomenon. Such structure can achieve lower dynamic
resistance and improved ESD performance.

In addition, we demonstrate its ESD performance and
reliability on the basis of ESD tests including the human
body model (HBM), machine model (MM), and IEC
61000-4-2 (IEC). HBM and MM as prevailing ESD
simulator models represent the effect of statistic charges
generated by the human body and machine. Human
bodies are charged by walking across a carpeted floor or
removing a sweater, likewise machine components are
charged by rubbing non-conductive materials during
operation [12]. Meanwhile, IEC 61000-4-2 is part of a
large family of IEC 61000-4 standards, which regulate
the minimum ESD level of acceptability, essential
performance for all electronic devices sold in the
European Union [13]. Fig. 1 represents various ESD
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Fig. 1. Dynamic parameters comparison of typical ESD
waveforms used in the proposed work [14].

waveforms used in this work, and their details can be
found elsewhere [12-14].

II. EXPERIMENTAL PROCEDURE

The proposed bidirectional TVS diode as shown in Fig.
2 has planar junctions with thin Si epitaxial films of
p /pm*/p/p™ junction structure grown on the heavily
doped p-type silicon (100) substrate with a thickness of
600 pm. Its fabrication process starts by cleaning Si
substrates in HF solution to remove native oxides. After
inserting into a reduced-pressure chemical vapor
deposition (RPCVD) chamber via a nitrogen purged
load-lock chamber, the substrates experienced high
temperature (HT) hydrogen baking at 950 °C for 5 min,
then Si epitaxial layers were grown using doping gases of
diborane (B,Hs) and phosphine (PH;). The epitaxy
process was performed at low temperature (LT) around
600-800 °C to minimize the diffusion of dopant atoms
and possible degradation of device performance due to
the non-uniform local electric field concentrated at
Si0,/Si

frequently formed at HT for conventional drive-in

interfaces. Linearly-graded junctions are
processes. As the top electrode contact, Ti/Ni/Au
(100/500/150 nm) films were deposited through the
square shape pattern of 140x140 ,,Lmz in size using an e-
beam evaporator. The back side of substrates was grinded
down to 150-um thickness, and followed by the backside
metal electrode contract.

Temperature  dependent current-voltage  (I-V-T)
measurement was performed using a semiconductor
parameter analyzer, HP4155A equipped with a probe

station. The temperature was controlled using a thermal

SO Ti/Ni/Auelectrode [l
p** (B, 1020cm-=3): 100 nm

p (B, 107 cm3) : 300 nm

n** (P, 1022cm=3): 100 nm

p (B, 107 cm3): 300 nm

p** (B, 1020 cm=3): 150 um
Ti/Ni/Au electrode

Fig. 2. Cross-section view of a bidirectional TVS diode with
abrupt multiple junctions.
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chuck attached inside a shielded cover. Capacitance-
voltage (C-V) curves were measured under the reverse
bias condition at a frequency range of 1 kHz to 1 MHz
using a precision LCR meter (Agilent 4284A). ESD
properties were analyzed using an ESD simulator,
NoiseKen ESS-6008 for the machine model (MM) and
human body model (HBM), and an ESS-2000 with a
discharge gun TC-815R for IEC 61000-4-2 standard
(also called IEC). Manufactured TVS diodes were
subjected to various levels of ESD pulse of 10 discharges
in both positive and negative polarities with 1 Sec time

intervals.

III. RESULTS AND DISCUSSION

Fig. 3
bidirectional TVS diode measured at a wide temperature
range of 300 K - 450 K. For all temperatures, the device
I-V  behavior
degradation of the device performance. The increase in

represents the I-V characteristics of a

shows good symmetrical without
temperature led to noticeable changes in the breakdown
voltage and leakage current. Since the carriers in the
semiconductor follow the Boltzmann statistics, the
high
temperature as normally observed in semiconductors.

reverse leakage current also increased at
The temperature coefficient of the leakage current was
measured to be 9x107 A/K at + 6 V, while the reverse
leakage current was kept below 10 A. The small reverse
leakage current may ensure the strong points in reliability,
noise performance, and ESD robustness of the TVS
device.

Manufactured bidirectional TVS diodes have a

breakdown voltage (BV) of + 10 V, which imply that the
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Fig. 3. I-V characteristics as measured from a bidirectional TVS
diode at various temperatures of 300, 350, 400, and 450 K.

breakdown occurs mostly in the Avalanche breakdown
mode. However, as shown in Fig. 3, it is observed the
TVS diode shows the negative temperature coefficient
(NTC) of the breakdown voltage (ABV) which obtained
as small as - 0.013 V/K at 10° A. We propose two
possible mechanisms to explain the NTC phenomena of
breakdown. At first, we may discuss the temperature
compensation for the bidirectional TVS diode, as imaged
as a pair of back to back unidirectional TVS diodes as
shown in Fig. 4. Total temperature dependence can be
given as BV=Vy, + BVy,; + (BVyu + AVp), where Vp is
the voltage dropped across the diode in forward bias and
BV, is the breakdown voltage of the unidirectional TVS
diode. In fact, unidirectional TVS diodes have ever
revealed negative and positive values of AV, and ABV,,
respectively [9, 10]. The BV value decreases as the
temperature increases while AV, > ABVy,,. The second
mechanism is based on the thermal generation of
electron-hole pairs (EHPs) in the depletion region. The
thermal generation of EHPs can induce the reduction of
the depletion width at p-n junctions, which leads to
increased carrier tunneling probability. The tunneling
mechanism is known to dominate up to a breakdown
voltage of 30 V [15]. The tunneling current may inject
enough carriers to support a fast avalanche turn-on.
Therefore, the BV value can be decreased as the
temperature increases while tunneling-assisted impact
ionization dominates.

As shown in Fig. 5, the dynamic resistance, R, is
plotted as a function of temperature, which is derived
from the transient region of the I-V characteristics given
above in Fig. 3. The R, values obtained as 0.2 Q at room
(RT),
temperature ramps up. Then, the R, values are still

temperature gradually increased while the
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Fig. 4. Schematic shows principle of temperature compensa-
tion for a bidirectional TVS diode.
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Fig. 5. Dynamic resistances of a bidirectional TVS diode
measured at various temperatures.

observed to be below 6 Q at high temperature (HT) of
450 K. These values are quite small compared to the
conventional bidirectional SCR [4] and punch-through
diodes [7]. The diode with small R, would exhibit
enhanced ESD performance in terms of small clamping
voltage (V,.) and minimized Joule heating known as the
principal cause of degradation or damage. This
consideration is discussed below in

ESD data as

perspective
accordance with the measured in
experiments.

TVS diode samples have been used for ESD test as
provided on the wafer. I-V curves were measured each
and every time for the samples after experiencing ESD
shocks. The degree of degradation is also determined
according to the leakage current level and breakdown
voltage caused by ESD stresses.

Usually, our TVS diodes exhibit excellent strength
against all ESD stresses. The HBM stress led to the
negligible degradation of device performance with I-V
curves showing almost identical behaviors. Moreover,
the leakage current level was maintained in pA even after
the HBM pulses of + 8§ kV (a maximum available
voltage) as shown in Fig. 6(a). Similarly, the TVS diodes
were capable of withstanding + 4.0 kV for MM and + 14
kV for IEC as shown in Figs. 6(b) and (c), respectively.
However, both £ 5 kV MM and + 15 kV IEC shocks
resulted in a rapid increase in the leakage current
indicating typical electrical failures.

It is obvious that the bidirectional TVS diode can’t

avoid hard breakdown and failure at high voltage after all.

The scanning electron microscope (SEM) pictures given
in Figs. 7(a) and (b) reveal the surface of the TVS diodes
damaged respectively by = 5 kV MM and + 15 kV IEC
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Fig. 6. I-V characteristics measured before and after
experiencing various ESD stresses (a) HBM, (b) MM, (c¢) IEC.

shocks. The ESD shocks induced burning of metal
electrode with lots of pinholes. This indicates that the
epitaxial grown junction was damaged, and should be
responsible for the device failure.

Another important parameter of the TVS diode is
capacitance, which should be small enough to increase
the cut-off frequency, and minimize the signal
attenuation at high speed data rate. The capacitance
values are obtained in the range of 12 pF ~ 6.8 pF at
various frequencies from 1 kHz to 1 MHz as shown in

Fig. 8. The capacitance values are quite small compared
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Fig. 7. SEM images showing the damaged region by (a) = 5 kV
MM, (b) £ 15 kV IEC shocks.
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Fig. 8. C-V characteristics measured from a bidirectional TVS
diode at frequency range of 1 kHz to 1 MHz.

to the conventional punch-through devices of 10° pF [16]
and the unidirectional TVS diode of 60 pF [10]. Due to
the bidirectional TVS structure, the capacitance value
was expected to be one-half of the unidirectional TVS
diode in principle.

In order to discuss the possibility for the device to
high data rate
communications, the insertion loss was measured as a
function of frequency from 3 MHz to 3 GHz, as shown in
Fig. 9. The bidirectional TVS diode shows the uniform
and wide signal band pass, up to a cut off frequency of
500 MHz. It implies that the bidirectional TVS diode can

guarantee specifications for the

Insertion Loss (dB)

Frequency (Hz)

Fig. 9. Plots insertion loss as a function of frequency for the
bidirectional TVS diode.

be used for the high data rate communications as well as
for the ESD/EMI filter attenuating the RF noise in GHz
range.

According to the experimental results as discussed
above, the manufactured bidirectional TVS diodes
presented excellent ESD robustness along with small
values in leakage current, dynamic resistance and
capacitance. The breakdown voltage decreased from £10
V to £ 8 V, while the temperature was varied from 300 K
to 450 K. The stand-off voltage values (Vgr, usually
equals 0.8xBV, as defined a level that the TVS diode is
non-conductive and safe) range from + 8 Vto + 6.4 V at
RT and HT. Such properties, the manufactured TVS
diodes are suitable for the protection of 6 V high speed
bidirectional signal I/O line such as peripherals, portable
electronics and mobile devices.

IV. CONCLUSIONS

We have developed a new bidirectional TVS diode
consisting of p pn"pp’" junction structures. The
reduced pressure chemical vapor deposition technology
enables us to grow uniform thin Si films with various
doping conditions and thicknesses. Because of the
vertical structure with a very thin and heavily doped n™*-
type layer, the I-V curve showed relevant conduction
property after breakdown without any serious snapback
phenomenon, and resulted in small values in dynamic
resistance, capacitance and leakage current as well. The
bidirectional TVS diodes presented an excellent ESD
performance, withstanding + 4.0 kV MM and + 14 kV
IEC, and + 8 kV HBM while maintaining reliable I-V
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characteristics. Such outstanding properties are attributed
to the unique structure of p"™pn™*pp*" multiple junctions
along with the LT epitaxy and fabrication processes.
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