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ABSTRACT This work carried out the experimental investigation and model analysis on a GaN electrostatic
discharge (ESD) clamp, which features a discharge high electron mobility transistor (HEMT) and a voltage
divider formed by a lateral field effect rectifier (L-FER) chain and a resistor in series. Firstly, it is found
through the experimental investigation, the turn-on voltage (VT) of GaN ESD clamp’s static current is
increased with the increase in L-FER’s number and the decrease in resistor’s value. Then, an analytical
model is proposed to analyze the dependence of VT on L-FER’s number and resistor’s value. And the
analytical model exhibits a good consistency with the experimentally measured results, which confirms
the validity of the presented analytical model. Lastly, the dependence of GaN ESD clamp’s transmission
line pulsing characteristics on the L-FER’s number and resistor’s value is also analyzed. Similarly, GaN
ESD clamp’s triggering voltage is also increased with the increase in L-FER’s number and the decrease
in resistor’s value. The experimental investigation and model analysis of this work can be used to direct
the design of GaN ESD clamp, and help to save a lot of manpower, material resources and time costs.

INDEX TERMS Electrostatic discharge, ESD clamp, GaN HEMT, triggering voltage, human body model.

I. INTRODUCTION
In the field of power electronics, the degradation or failure
induced by electrostatic discharge (ESD) event has attracted
more and more attention [1], [2], [3], [4], [5], [6], [7]. It is
because, the ESD-induced instantaneous high voltage will
damage electronic components’ sensitive structures and their
internal connections, which accounts for more than 60%
of the events causing the failure of electronic components.
Especially for the power electronic devices with insulated
gate and semi-insulated gate, namely p-GaN high electron
mobility transistors (HEMTs), there is no effective channel
in their gate structure to discharge the electrostatic charges,
which makes their gate structure easily be damaged by ESD
event [7], [8], [9], [10], [11]. It has been demonstrated that
the gate structure of p-GaN HEMT exhibits poor ESD robust-
ness, with an equivalent human body model (HBM) failure

voltage (VHBM) of only 0.2∼0.33 kV, which is far below
the industrial standard (2 kV) [11].
Effectively improving the gate structure’s ESD reliability

of p-GaN HEMTs has always been the focus of attention.
And different from the vertical power electronic devices, it
is relatively convenient to monolithically integrate the ESD
protection structures and other protecting circuits into GaN-
based lateral power electronic devices [12], [13], [14], [15].
In this way, the parasitic parameters of power electronic
systems can be decreased to a certain extent, which will
improve the performance of power electronic systems. So,
there are some efforts to design the effective GaN lateral
ESD protection structures, which are able to be monolithi-
cally integrated into GaN lateral power devices to improve
devices’ ESD reliability. Wang et al. have presented a GaN
lateral ESD protection structure featuring a discharge HEMT,
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a turn-off diode chain, and a voltage divider formed by
a trigger diode chain and a current limiting resistor [16].
The ESD protection structure is capable of discharging the
forward transient current up to 3A, but it can do nothing to
discharge the transient accumulated charge in reverse ESD
events. So, that ESD protection structure may be not suitable
to effectively protect the gate structure of p-GaN HEMT. To
usefully enhance p-GaN HEMT’s ESD reliability in both the
forward and reverse ESD events, Zhou et al. have presented
a novel GaN lateral ESD protection structures [17], which
features a discharge HEMT and a voltage divider formed by
two lateral field effect rectifiers (L-FERs) and a resistor in
series. The ESD protection structure can discharge forward
transient charge and reverse transient charge at the same time.
But the influence of L-FER’s number and resistor’s value on
the ESD protection structure’s characteristic is not clearly.
And there is no relevant analysis model to direct the design
of GaN ESD protection structure. For obtaining a desirable
ESD protection structure, the design engineers need to exper-
iment repeatedly, which will cost a lot of manpower, material
resources and time costs.
In this work, we carried out the experimental investigation

and model analysis on a GaN ESD clamp, which features
a discharge HEMT and a voltage divider formed by a L-FER
chain and a resistor in series. It is found that the L-FER’s
number and resistor’s value pay an important role on the
characteristic of GaN ESD clamp. And we proposed an ana-
lytical model to analyze the dependence of clamp’s static
turn-on voltage (VT, defined as the point where the static
current suddenly is increased) on the L-FER’s number and
resistor’s value. Then, the dependence of ESD clamp’s trans-
mission line pulsing (TLP) characteristic on the L-FER’s
number and resistor’s value is also analyzed. The manuscript
is organized as follows: The structure and mechanism of the
studied GaN ESD clamp are briefly introduced in Section II;
The influence of L-FER’s number and resistor’s value on
the ESD clamp’s static characteristic are investigated and
modeled in Section III; The ESD clamp’s transmission line
pulsing (TLP) characteristics are analyzed in Section IV; The
conclusion is given in Section V.

II. STRUCTURE AND MECHANISM
Before introducing GaN ESD clamp in [17], it may be
necessary to briefly introduce the influence of the volt-
age overshoots on the reliability of conventional p-GaN
HEMT. Fig. 1 gives the bidirectional TLP characteristics of
P-GaN HEMT and its gate-to-source leakage current (IGSS)
before/after the forward/reverse ESD breakdown (FB/RB).
The device’s forward and reverse ESD breakdown are
occurred at 261V and 300V, respectively. After that, the
device’s IGSS exhibits a significant increasement. Therefore,
it is necessary to improve the gate structure’s ESD reliability
for the existing E-mode p-GaN HEMTs. In this work, we
carried out the experimental investigation and model analy-
sis on a GaN ESD clamp, which can be used to direct the
ESD design of the existing E-mode p-GaN HEMTs.

FIGURE 1. (a) The bidirectional TLP characteristics of p-GaN HEMT
(GS-065-011-1-L), (b) p-GaN HEMT’s IGSS before and after the
forward/reverse ESD breakdown.

FIGURE 2. (a) The structure and (b) equivalent circuit of the GaN ESD
clamp featuring a discharge HEMT and a voltage divide.

FIGURE 3. The mechanism of GaN ESD clamp featuring a discharge HEMT
and a voltage divider: (a) in forward ESD event, (b) in reverse ESD event.

Fig. 2 shows the structure and equivalent circuit of GaN
ESD clamp in [17]. The clamp features a GaN discharge
HEMT and a voltage divider formed by a L-FER chain
and a resistor in series. And the mechanism of GaN ESD
clamp is shown in Fig. 3. In the forward ESD event or with
a forward static voltage applied at the anode electrode, there
will be a small current flowing through the L-FER chain
and resistor, which will result in a voltage drop between
GaN discharge HEMT’s gate and cathode. When the volt-
age drop is higher than the threshold voltage (V th) of GaN
discharge HEMT, which will be turned on. Afterwards, the
forward electrostatic charges induced by ESD event can be
released through the GaN discharge HEMT (Fig. 3 (a)), or
the large static current can flow through the GaN discharge
HEMT. Thereby, the potential of the clamp’s anode elec-
trode can be clamped to a small value. And the degradation
or failure induced by the ESD event can be avoided. It can
be surmised, the L-FER’s number and resistor’s value act as
significant roles on the forward triggering voltage (V trig_F,
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FIGURE 4. The influence of resistor’s value on the GaN ESD clamp’s static
current characteristic (a) and forward turn-on voltage (b). There are two
L-FERs in the voltage divider.

defined at a forward TLP current density of 0.1A for this
work) and forward VT (VT_F, defined as the point where the
forward static current suddenly is increased) of GaN ESD
clamp. The increase in L-FER’s number and the decrease
in resistor’s value can lead to the increase in V trig_F and
VT_F. So, through changing the L-FER’s number or resis-
tor’s value, a desirable V trig_F and VT_F can also be obtained.
In the reverse ESD event or with a reverse static voltage
applied at the anode electrode, the GaN ESD clamp conduct
current in diode mode (Fig. 3 (b)) and has a low reverse
triggering voltage (V trig_R, defined at a reverse TLP current
density of 0.1A for this work) or low reverse VT (VT_R,
defined as the point where the reverse static current sud-
denly is increased). The changes in the L-FER’s number or
resistor’s value nearly have no effect on the clamp’s V trig_R
and VT_R.
The specific influence of the L-FER’s number and resis-

tor’s value on GaN ESD clamp’s characteristic is still not
clearly. And there is no relevant analysis model to direct
the design of GaN ESD clamp. For obtaining a desirable
GaN ESD clamp, the design engineers need to experiment
repeatedly, which will cost a lot of manpower and mate-
rial resources. Based on the above reasons, we carried out
the experimental investigation and model analysis on the
GaN ESD clamp. Similar to our previous work [18], [19],
for reducing the experimental cost, the equivalent struc-
ture made up of the chip resistor and p-GaN HEMTs
(EPC2036) [20] is employed to carry out the experimen-
tal investigation. As noted, due to the lack of commercial
GaN L-FER, L-FER in GaN ESD clamp is also made up
of commercial p-GaN HEMT (EPC2036). Corresponding
device information can be found in [20]. The short con-
nection of the source and gate electrode of p-GaN HEMT
is regarded as the L-FER’s anode electrode, and the drain
electrode of p-GaN HEMT is regarded as the L-FER’s cath-
ode electrode. Our self-developed TLP measurement system
is employed to produce TLP pulses. The rising time (tr) and
pulse width (tw) in TLP tests are set to be 2 and 100 ns,
respectively [18], [19].

III. STATIC CHARACTERISTIC AND MODEL
Fig. 4 gives the dependence of GaN ESD clamp’s static cur-
rent characteristics on the resistor’s value of voltage divider.

FIGURE 5. The influence of L-FER’s number on the GaN ESD clamp’s static
current characteristic (a) and forward turn-on voltage (b). The resistor’s
value is 10 k�.

It can be found, the forward turn-on voltage of GaN ESD
clamp’s static current is decreased with the increase in resis-
tor’s value. When the resistor’s value is increased from 50 �

to 10 k�, the GaN ESD clamp’s forward turn-on voltage is
decreased from 5.5 V to 4.1 V (as summarized in Fig. 4 (b)).
However, although the GaN ESD clamp with a small resis-
tor can possess a relatively high forward turn-on voltage, the
small resistor in the voltage divider will lead to a high static
leakage current before the GaN discharge HEMT are turned
on (as also shown in Fig. 4 (a)), which is not desired in the
field of power electronics. So, to avoid this phenomenon,
a relatively large resistor (over than 1 k� in this work)
or a small-size L-FER in the voltage divider is preferable.
Meanwhile, as stated above, with a reverse static voltage
applied at the anode electrode, the GaN ESD clamp con-
duct current in diode mode, and has a low reverse turn-on
voltage. The changes in the resistor’s value nearly have no
effect on the GaN ESD clamp’s reverse turn-on voltage (as
shown in Fig. 4 (a)).

Compared with regulating the clamp’s forward turn-on
voltage by changing the resistor’s value of the voltage
divider, changing the L-FER’s number has a more obvious
effect, the reasons for this phenomenon can be interpreted by
our analytical model in following. Fig. 5 (a) gives the influ-
ence of the L-FER’s number on the GaN ESD clamp’s static
current. The forward turn-on voltage of GaN ESD clamp’s
static current is increased with the increase in L-FER’s num-
ber. When the L-FER’s number is increased from 2 to 5,
the clamp’s forward turn-on voltage is increased from 4.1 V
to 8.9 V (as summarized in Fig. 5 (b)). So, through chang-
ing the L-FER’s number and the resistor’s value, a desirable
forward turn-on voltage can be obtained for the GaN ESD
clamp. Similarly, the changes in the L-FER’s number nearly
have no effect on the GaN ESD clamp’s reverse turn-on
voltage (Fig. 5 (a)).

In order to give more clear guidance to designers, an
analytical model is proposed to analyze the dependence of
the clamp’s forward turn-on voltage on the L-FER’s number
and resistor’s value. At first, the gate voltage (VG) of GaN
discharge HEMT is equal to the voltage drop at the resistor
and can be calculated through eq. (1).

VG=IF1 × R1 (1)
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FIGURE 6. The L-FER’s forward current fitted by eq. (3) (solid line), and the
experimentally measured results (dots).

where IF1 is the current flowing through the resistor, R1 is
the resistor’s value. As stated above, when the gate voltage is
equal to the threshold voltage of the GaN discharge HEMT,
which will be turned on. Afterwards, the large static current
can flow through the GaN discharge HEMT. In this time,
the current flowing through the resistor can be estimated
through eq. (2).

IF1=VG
R1

=Vth
R1

(2)

From eq. (1), it can be found that the current flowing through
the resistor is prerequisite to calculate the gate voltage of
GaN discharge HEMT. And the current flowing through
the resistor is same as that in each L-FER, which can be
calculated through eq. (3) [21], [22].

IF1=IF0 ×
(
eq(VF1−IF1∗Rs)/nkT − 1

)
(3)

where VF1 is the voltage drops at each L-FER, IFO is the
saturation current, Rs is the device linear resistance, n is
the ideal factor of L-FER, k is Boltzmann constant, T is
thermodynamic temperature. For fitting the experimentally
measured forward current characteristics of EPC2036 with
eq. (3), IF1×Rs is ignored (due to that the linear resistance of
L-FER is relatively small), IFO and n are equal to 10−11A
and 3.20, respectively. Fig. 6 gives the L-FER’s forward
current fitted by eq. (4) and the experimentally measured
forward current characteristics. There is no obvious differ-
ence between the fitting results and experimentally measured
results, which demonstrates the correctness and accuracy of
eq. (4).

IF1 = IF0 ×
(
eqVF1/nkT − 1

)

= 10−11 ×
(
eVF1/3.2∗0.0259 − 1

)
(4)

Then, eq. (3) can be transformed to eq. (5), and the voltage
drops at each L-FER (VF1) can be obtained.

VF1 = nkT ln

(
IF1

IF0
+ 1

)
/q (5)

The voltage needed to turn on the GaN ESD clamp (VT)
is the sum of the voltage drops at L-FER chain and the

FIGURE 7. The influence of the resistor’s value (a) and L-FER’s
number (b) on the ESD clamp’s forward turn-on voltage from the
presented analytical model and experimentally measured results.

voltage drop at the resistor, as shown in eq. (6).

VF = IF1R1 + mVF1

= VG + mnkT ln

(
IF1

IF0
+ 1

)
/q (6)

where m is the L-FER’s number, the first term (IF1 × R1) in
eq. (6) is the voltage drop at the resistor or the gate voltage
(VG) of GaN discharge HEMT, the second term (mVF1) is the
voltage drops at L-FER chain. It is assumed in eq. (6) that
the voltage drops at every L-FER is coincident. Through
combining eq. (2) and eq. (6), the ESD clamp’s forward
turn-on voltage can be obtained, as shown in eq. (7):

VT = VF=VG + mVF1

= IF1R1 + mnkT ln

(
IF1

IF0
+ 1

)
/q

= Vth + mnkT ln

(
Vth/R1

IF0
+ 1

)
/q (7)

When V th adopted in the presented analytical model
(eq. (7)) is explicit, the dependence of the ESD clamp’s
forward turn-on voltage on the L-FER’s number and resis-
tor’s value can be obtained. It can be speculated from the
presented analytical model, the forward turn-on voltage of
the GaN ESD clamp’s static current is increased with the
increase in L-FER’s number (m) and the decrease in resis-
tor’s value (R1), which is consistent with the experimentally
measured results. And compared with regulating the ESD
clamp’s forward turn-on voltage by changing the resistor’s
value in the voltage divider, changing the L-FER’s number
has a more obvious effect. Fig. 6 exhibits the influence of
the L-FER’s number and resistor’s value on the ESD clamp’s
forward turn-on voltage from the presented analytical model
with different adopted V th, accompanied with the experimen-
tally measured results. It can be seen that, when the adopted
V th in the presented analytical model is equal to the thresh-
old voltage (1.6 V) of the GaN discharge HEMT, the ESD
clamp’s forward turn-on voltage from the presented analyti-
cal model exhibits a good agreement with the experimentally
measured results, as shown in Fig. 7. In this case, the maxi-
mum error between the clamp’s forward turn-on voltages
from the presented analytical model and the experimen-
tally measured results is 0.27V, and the corresponding mean
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FIGURE 8. The error analysis of the ESD clamp’s forward turn-on voltage
from the presented analytical model and the experimentally measured
results: (a) corresponding to Fig. 6 (a), (b) corresponding to Fig. 6 (b).

FIGURE 9. The influence of IFO on the forward turn-on voltage of the ESD
clamp with different resistor’s value (a) and different L-FER’s number (b).

square deviation (σ ) is 0.18 V. In addition, when the adopted
V th in the presented analytical model is different from the
threshold voltage of the GaN discharge HEMT, the clamp’s
forward turn-on voltage from the presented analytical model
will exhibit inferior agreement with the experimentally mea-
sured results. Namely, when the adopted V th in the presented
analytical model is 1.3 V, the maximum error between the
clamp’s forward turn-on voltages from the presented analyt-
ical model and the experimentally measured results is about
0.8 V (as shown in Fig. 7 (b)), and the corresponding mean
square deviation is about 0.4V (as shown in Fig. 8 (b)).
Therefore, in order to accurately predict the static turn-on
voltage of GaN ESD clamp, the accurate threshold voltage
of the GaN discharge HEMT is needed. Even with a small
error in the threshold voltage of GaN discharge HEMT, it will
produce a poor agreement with the experimentally measured
results.
Besides the resistor’s value and L-FER’s number, the ESD

clamp’s forward turn-on voltage is also dependent on the
L-FER’s size, which can be quantified by the L-FER’s sat-
uration current (IFO). And the L-FER’s saturation current is
increased with the increase in L-FER’s size. Fig. 9 gives
the dependence of the ESD clamp’s forward turn-on volt-
age on the L-FER’s saturation current, which is calculated
from the presented analytical model. It can be found, the
forward turn-on voltage of the GaN ESD clamp’s static cur-
rent is decreased with the increase in L-FER’s saturation
current. For the ESD clamp with a 10k� resistor and two
L-FERs, its forward turn-on voltage is decreased from 5.87V
to 3.21V with the L-FER’s saturation current increased from

FIGURE 10. The influence of the resistor’s value on the GaN ESD clamp’s
forward TLP characteristics (a) and reverse TLP characteristics (b). There
are two L-FERs in the voltage divider.

10−15A to 10−8A. It is because that, when the L-FER pos-
sesses a higher saturation current, the voltage drop on the
voltage divider’s resistor will be increased. So, to obtain
a preferable forward turn-on voltage for the GaN ESD clamp,
changing the L-FER’s size may be also a good choice. By
comparison, the L-FER with low saturation current is more
preferable, due to that it will lead to a low leakage for the
GaN ESD clamp and can avoid premature turn-on of the
static current, which is serious for the L-FER with high sat-
uration current, as shown in Fig. 4(a). And it can also be
found in Fig. 9 (b), the change in the L-FER’s saturation
current has a more obvious effect on the forward turn-on
voltage of the ESD clamp with more L-FERs. For the ESD
clamp with a 10k� resistor and five L-FERs, its forward
turn-on voltage is decreased from 12.29V to 5.61V with
the L-FER’s saturation current increased from 10−15A to
10−8A. The change amount is 6.68V, which is higher than
that of the ESD clamp with two L-FERs.

IV. TLP CHARACTERISTIC
Fig. 10 gives the dependence of the GaN ESD clamp’s TLP
I-V characteristics on the resistor’s value of the voltage
divider. In the positive TLP test, the GaN ESD clamp can
be triggered at a low voltage of less than 6 V and possesses
a high second breakdown current (IS, the current at the for-
ward/reverse ESD breakdown) of over than 9 A, showing that
the GaN ESD clamp can effectively discharge the transient
electrostatic charges and clamp the potential at a low value,
thereby effectively protecting the gate structure of p-GaN
HEMT. It also can be found, the forward triggering voltage
of GaN ESD clamp is decreased with the increase in resis-
tor’s value. When the resistor’s value is increased from 50 �

to 10 k�, the GaN ESD clamp’s forward triggering voltage
is decreased from 5.3 V to 3.9 V (Fig. 12 (a)). So, through
changing the resistor’s value, a desirable forward triggering
voltage can be obtained for the GaN ESD clamp. However, it
should be noted that the GaN ESD clamp with a low trigger-
ing voltage will possess a low turn-on voltage of the static
current. The designers should try to avoid premature turn-on
of the static current before obtaining a low triggering voltage
in the transient ESD event. In addition, all the GaN ESD
clamps possess a high second breakdown current of over than
9 A. Correspondingly, the equivalent HBM failure voltage
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FIGURE 11. The influence of L-FER’s number on the GaN ESD clamp’s
forward TLP characteristics (a) and reverse TLP characteristics (b). The
resistor’s value is 10 k�.

FIGURE 12. Forward V trig and VHBM of the GaN ESD clamp with different
resistor’s value (a) and different L-FER’s number (b).

(VHBM = IS × 1500 �) reaches to 13.5 kV (Fig. 12 (a)). In
the reverse ESD event, the reverse triggering voltage of the
GaN ESD clamp is increased with the increase in the resis-
tor’s value (Fig. 10 (b)), which is different from the clamp’s
forward TLP characteristics and may result from the RC
delay caused by the resistor between the cathode/source
and the gate of GaN discharge HEMT. When the resis-
tor’s value is increased from 50 � to 10 k�, the GaN ESD
clamp’s forward triggering voltage is increased from 1.8 V to
2.4 V. Although the changes in the resistor’s value have def-
inite effect on the GaN ESD clamp’s reverse triggering volt-
age, the value is much smaller than the working voltage of
p-GaN HEMT.
Compared with regulating the clamp’s forward trigger-

ing voltage by changing resistor’s value in the voltage
divider, changing L-FER’s number has a more obvious
effect. Fig. 11 gives the influence of L-FER’s number on
the GaN ESD clamp’s TLP characteristics. The forward trig-
gering voltage of the GaN ESD clamp is increased with the
increase in L-FER’s number. When the L-FER’s number is
increased from 2 to 5, the clamp’s forward triggering voltage
is increased from 3.9 V to 8.2 V (Fig. 12 (b)). So, through
changing the L-FER’s number, a desirable forward triggering
voltage can be obtained for the GaN ESD clamp. In addi-
tion, all the GaN ESD clamps possess a high VHBM of over
than 13.5 kV (Fig. 12 (b)). Meanwhile, in the reverse ESD
event, the GaN ESD clamp conduct current in diode mode
and has a low reverse triggering voltage. And the changes
in L-FER’s number nearly have no effect on the GaN ESD
clamp’s reverse triggering voltage.

V. CONCLUSION
In this work, we carried out the experimental investigation
and model analysis on a GaN ESD clamp, which features
a discharge HEMT and a voltage divider formed by a L-FER
chain and a resistor in series. The specific influence of the L-
FER’s number and resistor’s value on the GaN ESD clamp’s
characteristic has been shown clearly. Both the clamp’s static
VT_F and V trig_F are increased with the increase in the
L-FER’s number and the decrease in the resistor’s value.
And we proposed an analytical model to analyze the depen-
dence of the clamp’s static VT on the L-FER’s number and
resistor’s value. The analytical model exhibits a good con-
sistency with the experimentally measured results, which
confirms the validity of the presented analytical model. The
experimental investigation and model analysis of this work
can be used to direct the design of the GaN ESD clamp, and
save a lot of manpower, material resources and time costs.
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