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Ultra-high-voltage (UHV) junction field-effect transistors (JFETs) embedded separately with the lateral NPN (JFET-
LNPN), and the lateral and vertical NPN (JFET-LVNPN), are demonstrated experimentally for improving the electrostatic
discharge (ESD) robustness. The ESD characteristics show that both JFET-LNPN and JFET-LVNPN can pass the 5.5-kV
human body model (HBM) test. The JFETs embedded with different NPNs have 3.75 times stronger in ESD robustness than
the conventional JFET. The failure analysis of the devices is performed with scanning electron microscopy, and the obtained
delayer images illustrate that the JFETs embedded with NPN transistors have good voltage endurance capabilities. Finally,
the internal physical mechanism of the JFETs embedded with different NPNs is investigated with emission microscopy and
Sentaurus simulation, and the results confirm that the JFET-LVNPN has stronger ESD robustness than the JFET-LNPN,
because the vertical NPN has a better electron collecting capacity. The JFET-LVNPN is helpful in providing a strong ESD
protection and functions for a power device.

Keywords: junction field-effect transistors, NPN, electrostatic discharge (ESD) robustness, ESD protection
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1. Introduction

With the rapid development of integrated technology,
ultra-high-voltage (UHV) power devices are commonly used
as main drive devices in power management, motors, auto-
motive electronics, and industrial control applications.[1–3] In
particular, junction field-effect transistors (JFETs) have been
widely used in silicon-based high voltage integrated circuits
(ICs) because of their high input impedance, low noise, small
power consumption, good process compatibility, and tempera-
ture performance.[4–7] Various techniques and methods such as
the long field plate, N-type drift and design of the reversed PN
junction location, have been used to increase the breakdown
voltage of the conventional JFETs.

In addition, the electrical performance optimization and
electrostatic discharge (ESD) characteristics improvement of
JFETs are simultaneously becoming an important research
field with the wide applications in high-voltage ICs, because
the ESD protection is developing into a severe and challenging
issue in UHV JFETs. Nidhi and Ker used the P-type ESD im-
plantation to adjust the pinch-off voltage of a novel horizontal
n-channel JFET device, making JFET suitable for multi-power
supplying circuit.[8] Vincent et al. explored an optimized ver-
tical JFET, by embedding diffusion gates to harvest the excel-
lent voltage control sensitivity and the enhanced overvoltage
protection capability.[9] Ng et al. proposed a novel sub-20-
V planar power MOSFET device by using the ion implanta-

tion technology to reduce the on-resistance and the threshold
voltage variation.[10] The above optimizations effectively im-
proved the electrical performance of traditional JFET. How-
ever, these JFETs remain vulnerable in the human body model
(HBM) test. Other solutions such as the reported JFET with
an embedded silicon-controlled rectifier (SCR)[11] have been
proposed to elevate the ESD robustness, which increases up
from 1.93 kV to 2.63 kV. However, the ESD protection ca-
pability is still not strong enough for the increasingly harsh
circuit operating environment.

The UHV JFET embedded with NPN to enhance the ESD
performance is designed and investigated. By inserting the
NPN structure, the JFET embedded with NPN exhibits a small
voltage snapback and strong ESD robustness of 5.5 kV, which
satisfies the ESD protection requirements of UHV JFETs in
some special operations.

2. Device structures and operation mechanism
A similar top-view layout of three JFETs is shown in

Fig. 1. The corresponding cross-sections along A–A′ and B–
B′ directions of the conventional JFET are shown in Figs. 2(a)
and 2(b), respectively. The conventional JFET and JFET-
LNPN have identical structures along the A–A′ direction as
shown in Figs. 2(a) and 3(a). However, unlike the conven-
tional JFET, the JFET-LNPN has a lateral parasitic NPN along
the B–B′ direction. The lateral NPN marked as T1 in Fig. 3(a)
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improves the ESD robustness and turn-on speed under electri-
cal stress.

Fig. 1. Similar top view of the general layout of three JFETs.
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Fig. 2. (a) Cross-section along A–A′ direction and (b) cross section along
B–B′ direction of conventional JFET device.
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Fig. 3. (a) Cross-section along A–A′ direction, and (b) cross section along
the B–B′ direction of JFET-LNPN device.

By maintaining the same structure with the conventional
JFET along the A–A′ direction, extending the P-well to the left
deep P-well in the JFET along the B–B′ direction, and insert-
ing a high implanted N-type (N+) region into the P-well, we

obtain a new JFET embedded with lateral NPN (JFET-LNPN).
The cross-section of JFET-LNPN along the B–B′ direction is
shown in Fig. 3(b).

Furthermore, by introducing an N+ region and an N-
well into the left deep P-well in the JFET-LNPN along the
A–A′ direction, and maintaining the structure of the JFET-
LNPN along the B–B′ direction unchanged, we obtain an opti-
mized JFET embedded with lateral and vertical NPNs (JFET-
LVNPN) as shown in Fig. 4.
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Fig. 4. (a) Cross-section along A–A′ direction, and (b) cross section along
B–B′ direction of JFET-LVNPN device.

The breakdown voltage decreases because of the different
reverse PN junctions. Compared with that of the conventional
JFET, the reverse PN junction of the JFET-LNPN forms at the
interface between the deep N-well and the top P-well. The lo-
cation and doping concentration of the top P-well are valuable
for optimizing the electrical performance of the JFET-LNPN.

In addition to the same lateral NPN in the JFET-LNPN
and JFET-LVNPN along the B–B′ direction, the JFET-LVNPN
has an additional vertical parasitic NPN marked as T2 in
Fig. 4(a), which dwells in the structure along the A–A′ di-
rection and helps to enhance the ESD robustness. Meanwhile,
the vertical NPN is beneficial to the decreasing of the trigger
voltage and the increasing of the turn-on speed due to the deep
P-well parasitic resistance.

In operation, the conventional JFET and optimized JFETs
embedded with the different NPNs have their own ultra-high
turn-on voltage, because of the large deep N-well resistance,
long field plate and top P-well. Moreover, the fabrication
process of these devices is compatible with the commercial
CMOS or bipolar-CMOS-DMOS (BCD) process of silicon-
based ICs without extra mask cost.

3. Experimental results and discussion
3.1. Device test

The aforementioned three types of JFET devices with a
width of 250 µm are fabricated in a 0.25-µm BCD process.
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The main process parameters of the devices are shown in Ta-
ble 1. The high voltage BCD process characterized by Table 1
helps to increase the turn-on voltages of the JFETs.

Table 1. Main process parameters of devices.

Type of mask Doping concentration (cm−2) Depth (µm)

Highly-doped P+ 5.0×1015 0.22

Highly-doped N+ 5.0×1015 0.22

P-well 3.0×1012 6.0

N-well 3.5×1012 5.4

Deep P-well 5.6×1011 14.4

Deep N-well 6.0×1011 14.0

The DC electrical performances at different temperatures
of the three JFETs are measured by the semiconductor tracer
and variable temperature probe system. The DC test results
show that the saturated voltages of the devices are all approxi-
mately 98 V, the JFETs work in the constant-current region,
and the turn-on voltages of these devices are about 780 V
at room temperature, which satisfies the operation require-
ments of the UHV JFET. When the temperature is increased
to 150 ◦C, the turn-on voltage of the JFETs slightly decreases
from 780 V to 720 V; thus, the JFETs remain in a better UHV
turn-on state, and exhibit good temperature characteristics.

The transient electrical performances of the JFET devices
are evaluated by transmission line pulse (TLP) tests. The TLP
characteristics are measured with the source end of JFETs
floating and grounded. When the source end is floating, the
gate and the substrate are both connected to the ground, and
the drain end is stressed by a positive ESD pulse. When the
source end is grounded, the source, gate and substrate are all
connected together, and the drain end remains stressed by a
positive ESD pulse.
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Fig. 5. TLP characteristic curves of JFET devices with grounded source and
with floating source.

The TLP characteristic curves are shown in Fig. 5. The
curves with solid and open symbols represent the TLP char-
acteristics of different devices with the floating and grounded
source ends, respectively. The results indicate that the JFET-
LNPN and JFET-LVNPN have stronger ESD robustness than

the conventional JFET. In addition, the holding voltages of the
two optimized devices after the snapback are larger than the
saturation voltage without the risk of latch-up.

The trigger voltages of the JFET devices with the floating
source end and grounded source end are summarized in Ta-
ble 2. The trigger voltage of the experimental device with the
floating source end changes slightly, which is similar to that of
the device with the grounded source end. However, compared
with that of the device with the grounded source end, the trig-
ger voltage of the conventional JFET device decreases from
861 V to 779 V because of the assistant trigger effect by the
large well parasitic resistance. Meanwhile, the trigger voltage
of the JFET-LNPN device decreases from 791 V to 770 V be-
cause of the combination effect of the even larger well parasitic
resistance and the embedded lateral NPN in the JFET device.
Similarly, the trigger voltage of the JFET-LVNPN decreases
from 862 V to 756 V because of the combination effect of the
lateral and vertical NPN embedded in the JFET.

Table 2. Trigger voltages of three devices.

Type Devices Trigger voltage (V)

Floating source end
JFET 861

JFET-LNPN 791
JFET-LVNPN 862

Grounded source end
JFET 779

JFET-LNPN 770
JFET-LVNPN 756

The ESD robustness of the JFET device is tested by the
wafer ESD testing system HED-W5000M. By setting the ini-
tial ESD pulse voltage of 500 V and the step of 500 V, the ESD
robustness of the conventional JFET device is 1.5 kV, which is
lower than that of the 2-kV HBM ESD commercial test stan-
dard, whereas both JFET-LNPN and JFET-LVNPN can pass
the 5.5-kV HBM ESD test. The tested data indicate that the
ESD robustness of JFET-LNPN and JFET-LVNPN increase
approximately 3.75 times due to the embedded NPN in the
JFETs.

The proposed JFET simultaneously exhibits stronger
ESD robustness than the 800-V SCR-JFET.[11] The main ESD
characteristics of experimental devices and the 800-V SCR-
JFET are shown in Table 3. The trigger voltages of the JFET-
LNPN and JFET-LVNPN are lower than that of the 800-V
SCR-JFET, which helps to improve the turn-on speed of the
proposed JFETs under the ESD pulse.

Table 3. Main ESD characteristics of experimental devices and 800-V
SCR-JFET devices.

Type Trigger voltage (V) ESD robustness (kV)

Conventional JFET 779 1.5
JFET-LNPN 770 5.5

JFET-LVNPN 756 5.5
800-V SCR-JFET[11] 1000 2.6
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3.2. Failure analysis of devices

The voltage endurance capability and inner physical
mechanism of producing the damage in the JFET device are
investigated by using the semiconductor tracer, scanning elec-
tron microscopy (SEM), and emission microscopy (EMMI).

When the devices are stressed by an increasing DC bias,
the leakage current hardly changes. Then, the leakage cur-
rent significantly increases when the DC voltage is larger
than 780 V. Finally, the conventional JFET breaks down un-
der the continuous increasing DC stress. However, the JFET-
LNPN and JFET-LVNPN remain robust when the DC voltage
is smaller than 900 V. The delayer images obtained by SEM
when the JFET devices are under the same DC stress of 780 V
are shown in Fig. 6.
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Fig. 6. Delayer images of (a) conventional JFET, (b) JFET-LNPN, and (c)
JFET-LVNPN, and (d) amplified image of conventional JFET in yellow box
shown in panel (a).

Compared with those of the JFET-LNPN and JFET-
LVNPN, the delayer image of the conventional JFET presents
a damaged region as indicated by the yellow box in Fig. 6(a).
The amplified delayer image in Fig. 6(d) demonstrates that the
substrate of the conventional JFET is burned because of the
thermal breakdown. Meanwhile, the good delayer images of
the JFET-LNPN and JFET-LVNPN as shown in Figs. 6(b) and
6(c) prove that the embedded NPN are helpful in quickly dis-
charging the large current and avoiding the local thermal dam-
age, without affecting the voltage endurance capability of the
UHV JFET.

When the JFET-LNPN and JFET-LVNPN are stressed
by continuously increasing TLP pulse, the leakage current
changes on a nanoamp scale in a period of time; then, a jump-
ing growth suddenly appears under a 900-V DC bias caused
by the TLP test system. At this moment, the corresponding
ESD robustness of the JFET embedded with NPN is equal to
the HBM of 6 kV.

Meanwhile, the internal degradations of the JFET-LNPN
and JFET-LVNPN are observed and measured by EMMI. The

filament-like failure spots appear near the drain end in the
JFET-LNPN, but they appear near the source end in the JFET-
LVNPN, which are marked by yellow arrows. Different fail-
ure positions of the JFET-LNPN and JFET-LVNPN, caused by
different internal physical mechanisms, are also explored and
analyzed by TCAD simulations.

drain end drain end

source end

(a)

(b)

Fig. 7. EMMI photographs of the experimental devices ((a) JFET-LNPN and
(b) JFET-LVNPN) under the same DC stress.

3.3. Verification by simulations

The transient electrical performance of the JFET-LNPN
and JFET-LVNPN are simulated by using the Sentaurus soft-
ware. The structure simulations of JFET-LNPN and JFET-
LVNPN correspond to the production process, and suitable
physical model and computational methods are selected to
confirm the good reliability of simulating results by comparing
with the measured results.

When JFET-LNPN and JFET-LVNPN with the floating
source end are stressed by a pulse with a period of 100 ns
and rise time of 10 ns, the electrical characteristic curves of
the devices are obtained as shown in Fig. 8, showing that the
trigger voltages of the JFETs embedded with NPN are 889 V
and 803 V. Meanwhile, the snapback voltages of the devices
are 413 eV and 115 V, which are both larger than the satu-
rated voltage of 98 V, thus, the JFETs effectively avoid the
latch-up risk. So, the simulated electrical characteristics are
consistent with the measured results, which confirm that the
simulations are reliable. It can also be found that the JFET-
LVNPN has a smaller snapback voltage than the JFET-LNPN
because the vertical NPN has a larger current gain than the
lateral NPN. Furthermore, the large current gain of the verti-
cal NPN in the JFET-LVNPN helps to form the parasitic SCR
current discharge path, which beneficially improves the ESD
robustness.

The simulated internal current density distributions of the
JFETs with different structures along the A–A′ and B–B′ di-
rections are shown in Fig. 9. The JFET-LNPN and JFET-
LVNPN have identical structures along the B–B′ direction as

078502-4
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shown in Figs. 3(b) and 4(b). The internal current density dis-
tribution in Fig. 9(a) confirms that the current continues to
concentrate in the drain region because of the short distance
between the drain and the lateral NPN in addition to the re-
versed PN junction at the interface between the deep N-well
and the deep P-well.
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Fig. 8. Simulated electrical characteristics of JFETs embedded with NPN.
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Fig. 9. Internal current distributions of the JFETs with structure of (a) JFET-
LNPN and JFET-LVNPN along the B–B′ direction, and (b) JFET-LVNPN
along the A–A′ direction.

However, figure 9(b) shows that the internal current den-
sity distribution of the JFET-LVNPN along the A–A′ direc-
tion is more concentrated in the source region than that of the
JFET-LNPN, indicating that two or more current conduction
paths are formed in the device. Beside the lateral and vertical
NPN current conduction paths, one additional parasitic SCR
current conduction path is significantly helpful to increase the
discharge current capacity, which enhances the ability of the
N-well in the deep P-well to collect electrons. The internal
current distributions of the JFETs embedded with NPN are
consistent with the aforementioned analyses.

4. Conclusions and perspectives
The novel UHV JFET-LNPN and JFET-LVNPN with en-

hanced ESD robustness are designed and investigated by dif-
ferent types of test instruments and simulation tools. The TLP
test results show that the ESD robustness of UHV JFETs-
LVNPN increases by approximately 3.75 times, and the fail-
ure analysis performed by SEM and EMMI shows that the
novel JFETs embedded with NPN have identical voltage en-
durance to the conventional JFETs. Moreover, the internal
physical mechanism of the JFETs embedded with NPN con-
firms that the lateral NPN and vertical NPN are significantly
useful for improving the ESD robustness. In addition, the ver-
tical NPN has a stronger electron collecting capacity than the
lateral NPN. Thus, the JFET-LVNPN is more useful for the
UHV device and for the ESD protection device.
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