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Development of Transient Voltage Suppressor Device with
Abrupt Junctions Embedded by Epitaxial Growth Technology
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A new Zener transient voltage suppressor (TVS) consisting of abrupt junctions of epitaxial layers has been
developed. Differential resistance in the breakdown region is obtained as low as 5 Ω, and the reverse leakage
current is substantially suppressed by one to two orders of magnitude compared to a conventional Zener
diode. The reliability of the TVS is confirmed based on its maximum allowed reverse current level and
the robustness of its electrostatic discharge endurance against ±8 kV of the human body model (HBM) at
a wide range of operating temperatures (30°C to 180°C). This significant improvement is primarily attributed
to the abrupt junction profile formed by low-temperature processes, followed by epitaxial growth technology
prohibiting redistribution of dopant elements. 
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1. INTRODUCTION

A transient voltage suppressor (TVS) is necessary to

protect the reliable performance of electronic equipment

against electrostatic discharge/electrical overstress (ESD/

EOS), electrical fast transient, and lightning surges.
[1]

 Very

low impedances and capacitances represent a trend toward

smaller, more mobile systems for increased data transmission

and connectivity.
[2]

 In addition, small die and package

footprints need to be achieved in production to reduce the

size of portable equipment in a cost-effective way. Fast

response time is also required to absorb transient energy at

low voltage.

Reverse biased p-n junctions, using current injection of the

Zener effect (tunneling of the carriers through the forbidden

gap) and/or avalanche multiplication, have been widely cho-

sen as TVS devices.
[3,4]

 However, leakage current, capaci-

tance, power limits (~3 kW, 1 ms pulse), and reliability

problems make them unsatisfactory for high performance

technology applications.
[5,6]

 Although Zener diodes of three

typical types (Zener, bipolar, and silicon controlled rectifier)

have been employed for a long time, few studies have

focused on low voltage TVS performance. The present TVS

trend, which is making efforts to upgrade the snap-back

problem and response speed, needs to satisfy practical issues

such as low voltage, low cost, and small size. 

In this work, we developed a new Zener TVS with epitax-

ial layers consisting of very sharp planar junctions. Based on

a comparison with conventional Zener devices made from

the diffusion process, we demonstrate that the new Zener

TVS is very promising in terms of low differential resis-

tance, good thermal stability, and strong ESD protection

capability.

2. EXPERIMENTAL PROCEDURE

Figure 1 shows the basic device structures implemented in

this work, in which the gradient of the doping concentration

is usually the most predominant parameter in determining

the Zener breakdown voltage. A high-temperature diffusion

process is used to drive in the dopant atoms for the conven-

tional structure, as illustrated in Fig. 1(a), in which the gradi-

ent of carrier concentrations is usually maintained at

10
24

~10
25

cm
-4
 in a linearly-graded junction. The bathtub

shape of the p
++

 profile shown in Fig. 1(a) delivers a large

effective area of p-n junction, a nonuniformly-concentrated

electric field and a broad depletion. Therefore, it is difficult

to obtain low differential resistance and to avoid the nonuni-

form electric field locally concentrated in the oxide and

semiconductor interfaces, which deteriorates the leakage

current flow. 

On the contrary, the new Zener TVS, as shown in Fig.

1(b), reveals the planar junction formed with abrupt distribu-

tion of dopant profile (gradient > 5 × 10
25

cm
-4
) at epitaxial

grown junctions of p
++

(~10
20

cm
-3
)/n

-
(~10

16
cm

-3
)/n

++
(~10
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cm
-3
) structure. This structure formation became possible by

using a low-temperature process with an epitaxial growth

system in combination with a well-established CMOS fabri-

cation technology. 

Silicon substrates with ρ = 0.003 Ω·cm and (100) orienta-

tion were used in these experiments. A reduced pressure

chemical vapor deposition system was useful for the growth

of thin silicon films with various doping conditions and

thicknesses. The silicon substrates were chemically cleaned

ex situ using SC1, 50:1 HF solution, rinsed in deionized

water to remove surface oxide, and inserted into a nitrogen-

purged load-lock chamber. Immediately after the silicon

wafers were transferred onto a silicon carbide-coated graph-

ite susceptor, in situ cleaning was performed by baking the

substrate at 950°C for 5 min in hydrogen ambient. Then, the

substrate temperature was controlled down to the growth

temperature, and subsequently the epitaxial film growth was

started at a reduced pressure of 30 torr. The flow rates of H2

and SiH4 gases were set to 20 slm and 20 sccm, respectively.

The growth temperatures were controlled as low as 600~

800°C to prohibit the diffusion of dopant atoms or matrix

elements.
[7]

Current-voltage (I-V) characteristics were analyzed using

a parameter analyzer (Agilent 4156C) equipped with a probe

station. The measurement temperature was controlled using

a thermal chuck attached inside a shielded cover. The ESD

property was analyzed using an ESD simulator (Noiseken

ESS-6008), which was designed to supply a voltage output

of up to ±8 kV of the human body model (HBM). 

3. RESULTS AND DISCUSSION

I-V characteristics of Zener diodes were obtained as

shown in Figs. 2(a) and (b), where the conventional Zener

device consists of linearly graded junctions formed by high-

temperature diffusion processes. On the contrary, Fig. 2(b)

exhibits the abrupt junctions formed by the epitaxial growth.

Their corresponding insets are differential resistance values

plotted as a function of reverse current. As noted in the

reverse and forward I-V curves of Figs. 2(a) and (b), com-

pared to the conventional Zener structure, the Zener TVS

resulted in an enhanced conductance property in terms of

differential resistance, reverse leakage current, and the

degree of forward conductance. These enhanced properties

observed from the Zener TVS device are predominantly

attributed to the large gradient (> 5 × 10
25

cm
-4
) of dopant

profile maintained across the p-n junction.

It is shown that the differential resistance (RZ = dV/dI) in

the breakdown region is one of the most important parame-

ters of the Zener device. Figure 2(a) exhibits a differential

resistance of 23 Ω at a reverse current of 10 mA, which cor-

responds to a current density of 69 A/cm
2
 considering the

effective area of 120 × 1 20 µm
2
. On the contrary, the new

Zener TVS as shown in Fig. 2(b) presents a differential resis-

tance as low as 5 Ω at a reverse current of 10 mA, where the

effective area is 100 × 100 µm
2
. The standoff voltage (Vso ,

defined as 80% of the voltage at which the current density is

100 mA/cm
2
) and the clamping voltage (Vcp , defined as the

voltage at 500 A/cm
2
) are important to clarify the leakage

current and the accuracy of the voltage control when the

device is used for voltage regulation.
[3]

Figure 3 shows the forward-reverse I-V curves measured

from three different types of Zener diode: two of the types

Fig. 1. Schematic cross-sectional view of Zener devices consisting
of (a) junctions with a linearly-graded carrier concentration formed
by a conventional diffusion process, and (b) abrupt junctions espe-
cially formed by epitaxial growth technology. Low-temperature pro-
cesses along with epitaxial growth technology enables the precise
manipulation of doping profiles at the nanoscale, so that the gradient
of carriers may exceed 5× 10

25
 cm

-4
 at the p-n junction interface.

Fig. 2. Electrical properties of Zener diodes made of (a) conventional broad junctions formed by the diffusion process, and (b) abrupt junctions
formed by epitaxial growth controlled at the nanoscale. Insets show differential resistance values plotted as a function of current flow.
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are diffusion-controlled with high differential resistance (RZ

= 30 Ω and 23 Ω), and the third, showing low differential

resistance (RZ = 5 Ω), is made of epitaxial films. There is a

remarkable difference in the level of leakage current flow. At

first, the reverse-biased Zener TVS revealed the reverse

leakage current at stand-off voltages of -5.7 V and -5.9 V,

one to two orders of magnitude less than the conventional

Zener devices. It is seen that both the leakage current and the

differential resistance could be improved significantly by

employing the abrupt junctions of epitaxial films. Accom-

plishing the lowest leakage current is very fundamental and

important because it enables significant improvement in reli-

ability performance with respect to EDS immunity.

A TVS device is required to turn on at high current with-

out snap-back and to provide excellent clamping at high cur-

rents.
[8]

 In order to achieve strong behavior over electrical

overstress (EOS), a Zener TVS needs to operate without

considerable hard breakdown, even up to a sufficient current

level in dc operation mode. European standard IEC61000-4-

2 Level 4, although usually applied to end products, requires

very strict endurance specifications for a TVS device: ±8 kV

and a peak current of 30 A. For the Zener TVS (not shown

here), reverse current kept flowing without failure to a max-

imum value of 230 mA (2.3 kA/cm
2
), which clearly con-

firmed its excellent power handling capability. This property

is closely related to the extremely low differential resistance

of 5 Ω delivering smaller resistive heat, which becomes,

generally, the major cause of degradation at the p-n junction

region.

To determine the current drivability of a conventional

Zener diode with RZ = 30 Ω, I-V characteristics were sequen-

tially measured as shown in Figs. 4(a) and (b). The conven-

tional Zener diode with high differential resistance (RZ = 23

Ω and 30 Ω) shows very unstable current drivability. For exam-

ple, the discontinuity in Fig. 4(a) at 60 mA implies the pos-

sibility of irreversible hard breakdown, even below 100 mA.

We confirm from Fig. 4(b) that catastrophic degradation

has occurred during the first measurement, as shown in Fig.

4(a). The complete destruction of the reverse current shown

in Fig. 4(b) was frequently identified across a broad range of

reverse current values, 60~140 mA (400~980 A/cm
2
), for

the conventional Zener devices. For those devices, the lim-

ited flow of the reverse current is probably due to the high

level of differential resistance. 

Figure 5(a) shows I-V curves of the Zener TVS at various

temperatures. Figure 5(b) shows ESD test results carried out

at an elevated temperature of 180°C. Because the carriers in

the semiconductor follow Boltzmann statistics, the reverse

leakage current is known to normally increase as the temper-

ature is increased from 30°C to 180°C, as shown in Fig. 5(a).

The temperature coefficients of the clamping voltage and the

leakage current obtained from the Zener TVS reveal very

reasonable values of +1.5 mV/°C and 67 pA/°C (at -4 V),

respectively. These values are reasonable because the Zener

voltage (above 7 V) corresponds to the switching region from

tunneling mode to avalanche multiplication mode.

Figure 5(b), as previously mentioned, demonstrates the

excellent hardness of the new Zener TVS against ESD as

measured up to an elevated temperature of 180°C. Even after

ten repetitions of an ESD pulse (HBM, 8 kV), the increase of

leakage current looks negligible considering that leakage

current is generally accepted up to 1 µA. Also, we observed

that the mean time to failure (MTTF) was 2 × 10
10

 h while

Fig. 3. Forward and reverse I-V curves measured from three types of
Zener diode with critical differences in device structure and fabrica-
tion technology: two for the diffusion process (RZ = 30, 23 Ω) and
one for epitaxial film growth (RZ = 5 Ω). 

Fig. 4. Conventional Zener diode with RZ = 30 Ω shows (a) 1st I-V, and (b) 2nd I-V from sequential measurements. After the hard breakdown
occurred at around 60 mA as shown in (a), the irreversible, poor I-V curve measured as shown in (b) clearly illustrates that catastrophic failure
occurred. 
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the Zener voltage was applied (the data are not included in

this paper). Our experimental results illustrate that the new

Zener TVS possesses remarkable strength against electrical

shocks such as ESD and lightning surge.

A new technique for the fabrication of the Zener TVS was

developed which has the following advantages over the con-

ventional techniques. First, it is more economical and repro-

ducible compared to high-temperature alloying or diffusion

processes. Second, the maximum reverse current can be

increased up to 230 mA, which is due to the significant

reduction of differential resistance in the breakdown region.

Also, the enhanced electrical property of the Zener TVS

leads to very strong immunity against ESD shock. The non-

uniform distribution of an electric field that is inappropri-

ately focused around the corner of the diffusion front and

edges can be the principal cause of ESD failures in conven-

tional Zener diodes. 

As discussed above, the stability of our new Zener TVS

was confirmed by experimental data from devices that were

still functioning after ten sequential trials of EDS shocks

(HBM, 8 kV) at an elevated temperature of 180 
o
C. Endur-

ance at an elevated temperature is important, particularly

when the TVS device is used to protect group III-nitride

light-emitting diodes. The weakness of these light-emitting

diodes originates from unavoidable crystalline defects present

in III-nitride epitaxial film. Unfortunately, their ESD strength

is limited to a very low level-a few hundreds or thousands of

volts at most. Conventional Zener diodes, which were devel-

oped for voltage regulation, are not sufficient to appropri-

ately protect III-nitride light-emitting diodes (LEDs) for long

periods. The electrical properties discussed above are essen-

tial for the Zener TVS device in order to provide proper reli-

ability under the harsh environment of exposure to heat and

light from LEDs. 

4. CONCLUSIONS

We presented a new Zener TVS which has superior perfor-

mance over a conventional Zener device in terms of differ-

ential resistance, current drivability, and ESD protection

capability. The reverse leakage current can be suppressed

one to two orders of magnitude lower than a conventional

Zener diode. The advantages of the new Zener TVS are pri-

marily attributed to the planar junction formed with abrupt

distribution of dopant elements. Therefore, the remarkable

performance of the new device can be achieved using low-

temperature processes following the epitaxial growth tech-

nology. 
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ability test results of a HBM electrostatic discharge test performed at an elevated temperature of 180°C.


