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The transport mechanism of reverse surface leakage current in the AIGaN/GaN high-electron mobility transistor
(HEMT) becomes one of the most important reliability issues with the downscaling of feature size. In this paper, the
research results show that the reverse surface leakage current in AIGaN/GaN HEMT with SiN passivation increases with
the enhancement of temperature in the range from 298 K to 423 K. Three possible transport mechanisms are proposed
and examined to explain the generation of reverse surface leakage current. By comparing the experimental data with the
numerical transport models, it is found that neither Fowler—Nordheim tunneling nor Frenkel-Poole emission can describe
the transport of reverse surface leakage current. However, good agreement is found between the experimental data and
the two-dimensional variable range hopping (2D-VRH) model. Therefore, it is concluded that the reverse surface leakage
current is dominated by the electron hopping through the surface states at the barrier layer. Moreover, the activation
energy of surface leakage current is extracted, which is around 0.083 eV. Finally, the SiN passivated HEMT with a high Al
composition and a thin AlGaN barrier layer is also studied. It is observed that 2D-VRH still dominates the reverse surface
leakage current and the activation energy is around 0.10 eV, which demonstrates that the alteration of the AlGaN barrier

layer does not affect the transport mechanism of reverse surface leakage current in this paper.
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1. Introduction

Due to the high electron saturation velocity, high break-
down electric field, and good thermal and chemical stability,
AlGaN/GaN high-electron mobility transistors (HEMTs) are
developed for applications in high-power switches, digital ICs,
high-frequency microwave amplifiers, and high-temperature
semiconductor devices.!!'™ One of the critical issues that re-
mains to be studied for GaN HEMTs is the excessive reverse
gate leakage current, which increases the low frequency noise,
reduces the power added efficiency, causes the current collapse
effect, and lowers the breakdown voltage.!! In general, the
overall gate leakage current includes several components, such
as surface leakage, bulk leakage, and mesa leakage. To further
improve the operation frequency, the characteristic size of the
Schottky gate in GaN HEMT needs to be further reduced, then
the spacing between the gate and the Ohmic contact will be
downscaled accordingly.®”] Consequently, the electric field
between the Schottky gate electrode and the Ohmic contact
increases rapidly, which will induce significant lateral elec-
tron injection from the gate edge to the AlGaN surface and

DOI: 10.1088/1674-1056/24/2/027302

form the reverse surface leakage current. Therefore, the sur-
face leakage current will play an increasingly important role
in realizing the GaN HEMTs.

In previous works, most studies focused on the over-
all reverse gate leakage current by utilizing Schottky diode
structures, in which the surface leakage current is only one
component.¥1%1 In order to study the transport mechanism
of surface leakage current, Tan et al.!'') proposed a dual-gate
structure, in which an additional Schottky gate was located be-
tween the main Schottky gate and the Ohmic contact, to realize
the separation of surface leakage current and bulk leakage cur-
rent. A Frenkel-Poole emission model has been proposed to
explain the transport mechanism of surface leakage current in
AlGaN/GaN HEMT without or with low-temperature deposi-
tion of SiN, of which the transport mechanism, however, in
HEMT with a standard SiN passivation layer is still not clear
yet. Based on the above proposed dual-gate structure, Kotani
et al." studied the reverse surface leakage current in HEMT
with an i-AlGaN/n-AlGaN/i-AlGaN/GaN structure grown by
molecular-beam epitaxy. A two-dimensional variable range
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hopping (2D-VRH) assisted by high-density surface states was
proposed to explain the transport mechanism of surface leak-
age current, based on a device without the SiN passivation
layer. However, to date, most of the HEMTSs have been pas-
sivated by SiN to suppress the current collapse in operation.
Liu et al.!'3 have investigated the surface leakage current in
GaN HEMT on high-resistivity silicon substrate with different
passivation layers, and concluded that the passivation material
has a great influence on the activation energy. Considering the
fact that the devices in previous studies are evidently differ-
ent in structure, passivation layer, electrode spacing, electrode
configuration, etc., a thorough investigation on the transport
mechanism is still lacking and pressingly required.

In this paper, the transport mechanism of reverse surface
leakage current in AlGaN/GaN HEMT with SiN passivation is
studied. By utilizing a dual-gate structure, the reverse surface
leakage current can be accurately assessed. The dependence of
reverse surface leakage current on temperature is investigated.
Three transport mechanisms are proposed to demonstrate the
surface leakage current, respectively. Meanwhile, the activa-
tion energy of surface leakage current is extracted, and the ef-
fect of a barrier layer on the transport mechanism of reverse
surface leakage current is evaluated as well.

2. Devices and experiments

All the GaN/AlGaN/GaN heterostructures used in this
paper were grown on (0001) sapphire substrates by metal—
organic chemical vapor deposition (MOCVD). The struc-
ture consists (from bottom to top) of an AIN nuclear layer,
a 1.3-um-thick unintentionally doped GaN buffer layer,
a l-nm-thick AIN interlayer, and a 20-nm thick-undoped
Alg3Gap 7N barrier layer. Room temperature Hall measure-
ments show an electron sheet density of 1.0 x 103 cm™2.
The Ohmic contact was obtained by depositing a Ti/Al/Ni/Au
(20 nm/180 nm/55 nm/45 nm) multilayer, followed by the
rapid thermal annealing at 850 °C for 30 s in an N, ambi-
ent. A uniform contact resistance about 0.5 Q-mm was mea-
sured from transmission-line matrix patterns. The device mesa
isolation was formed by dry etching using a Cly/Ar plasma
in a reactive ion etching (RIE) system. The surface passiva-
tion was carried out by depositing an about 60-nm thick Si3N4
layer through the plasma-enhanced chemical vapor deposi-
tion (PECVD). The recessed-gate area was formed by contact
lithography. The Ni/Au/Ni contact (45 nm/200 nm/20 nm) de-
position and liftoff were performed to form the Schottky gate.

To investigate the reverse surface leakage current, a dual-
gate structure!!!l is utilized to separate it from the overall gate
leakage current. As shown in Fig. 1, an additional Schottky
gate, G2, is located between the conventional Schottky gate,
Gl1, and the Ohmic contact. In this paper, the distance be-
tween the additional Schottky gate G2 and the main Schottky
gate G1 and the distance between G2 and the Ohmic contact

are both 2 um. The Schottky gate length and width are 0.8 pm
and 1 mm, respectively.

During the measurement, both the G2 electrode and the
Ohmic contact are connected to the ground, and the G1 elec-
trode is reverse biased by a negative gate voltage by using an
Agilent B1500A semiconductor parameter analyzer. The leak-
age current that flows through Gl includes two parts. One
(Iuik) flows into the Ohmic contact through the barrier layer
and 2DEG channel, which can be measured at the Ohmic con-
tact as the bulk leakage. The other one (Iy,s), which is caused
by the lateral electron injection from G1 to G2, can be mea-
sured at G2 as surface leakage. The arrows in Fig. 1 indicate
the direction of electron flow. Figure 2 shows the measured re-
verse surface leakage current and bulk leakage current at room
temperature. It is evidently observed that the surface leakage
current can be well separated from the bulk leakage current
and is significant in the overall reverse gate leakage current.
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Fig. 1. Schematic illustration of dual-gate structure and the measure-
ment circuit. During measurement, both G2 and Ohmic contact are
grounded, and G1 is reversed-biased. The surface leakage current is
collected by G2, and the bulk leakage current is collected by Ohmic
contact.
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Fig. 2. Plots of reverse surface leakage current and bulk leakage current
versus Vg at room temperature, which are extracted by utilizing the
dual-gate structure in Fig. 1.
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3. Results and discussion

The reverse surface leakage currents at temperatures
ranging from 298 K to 423 K are measured by using the dual-
gate structure in Fig. 1. As shown in Fig. 3, it is obvious that
the surface leakage current has significant dependence on tem-
perature, which is consistent with the result observed in early
work. 11121 In order to investigate the transport mechanism of
surface leakage current, three possible mechanisms are pro-
posed and examined in detail below.

Isurf/A

—10 —8 —6 —4 -2 0
Var/V

Fig. 3. Variations of reverse surface leakage current with gate bias volt-
age (V1) at temperatures ranging from 298 K to 423 K. The device
under test is an SiN passivated HEMT with a 20-nm-thick Alp3Gag 7N
barrier layer.

3.1. Fowler—Nordheim tunneling mechanism

Considering the surface leakage current in AlGaN/GaN
HEMT, the mechanism of Fowler—-Nordheim (FN) tunneling
demonstrates that electrons at the G1 electrode have a possi-
bility to tunnel directly to the G2 electrode under high electric
field. The higher electric field will induce a larger FN tunnel-
ing current. It accords with the measured results in Fig. 3, in
which the surface leakage current increases significantly with
the increase of negative gate bias. The FN tunneling model
can be numerically expressed as!®!

J:AEzexp(—§>, (D

where J is the current density, both A and B are the constants,
and E is the electric field across the barrier layer surface be-
tween G1 and G2 in this paper. According to Eq. (1), the cur-
rent density in the FN tunneling model depends strongly on
the electric field and has little relationship with the tempera-
ture. However, figure 3 indicates that the surface leakage cur-
rent increases rapidly with the enhancement of temperature at
a constant gate bias. Therefore, we can conclude that the FN
tunneling mechanism has little effect on the transport of re-
verse surface leakage current in this paper.

3.2. Frenkel—Poole emission mechanism

In terms of the Frenkel-Poole (FP) emission mechanism,
the trapped electrons can get rid of the trap states with the help
of the electric field and temperature, and propagate into the
threading dislocations related continuum states, 8! which in-
duce the leakage current accordingly. The FP emission model

can be expressed as!!#

In(J/E) = R(T)VE +S(T), )

where T is the temperature; R(7) and S(T') are the slope and
intercept of In(J/E) ~ E'/? line, respectively, which can be
expressed respectively as!/'4!

-1 /_4
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=— logC 4
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where ¢ is the electron charge, Kp is the Boltzmann constant,
both 7 and C are the constants, &, is the relative dielectric con-
stant of AlGaN, &, is the vacuum dielectric permittivity, and
¢, is the barrier height of the trap energy state with respect to
the conductive dislocation state.
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Fig. 4. Plots of In(Jyyt/E) versus E 1/2 temperatures ranging from
298 K to 423 K for Schottky gate Aly3Gag7N/GaN HEMT with SiN
passivation.

Assuming that the FP emission mechanism dominates the
transport of surface leakage current, then In(Jgy/E) should
have a linear dependence on E 1/2 according to Eq. (2). How-
ever, this linear relationship is not observed in Fig. 4, which
implies that our assumption is incorrect and the FP emission
mechanism cannot be used to describe the transport of reverse
surface leakage current. Some researchers have claimed that
the FP emission mechanism dominates the reverse gate leak-
age of AlIGaN/GaN HEMT in early work.[®% 131 It is worth
noting that the surface leakage is only one component of the

overall reverse gate leakage. Therefore, it is possible that
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the transport mechanism of surface leakage current is differ-
ent from that of the overall reverse gate leakage. It should be
noted that the electric field across the surface is complex and
not uniformly distributed in general. To simplify this issue, the
average electric field is used in this paper.

3.3. Two-dimensional variable range hopping (2D-VRH)
mechansim

Finally, we examine the third possible mechanism for the
transport of surface leakage current under reverse gate bias.
The 2D-VRH mechanism, which is assisted by the surface trap
states around the AlGaN barrier layer, is proposed to explain
this observed phenomenon. According to the 2D-VRH trans-
port model, the conductivity of surface leakage current, Oy,

can be given by!!%

2 A
mmad«wp{RE], 5)

where a is a constant. R is the distance between the initial
and final site. AE is the energy gap between the initial and fi-
nal site, which depends on R. In general, there is an optimum
combination of R and AE, which maximizes the total surface
leakage conductivity Ogy,f. The optimum energy gap AE and
the distance R for maximum surface conductivity can be de-
termined and shown below, respectively.
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Inserting Eqs. (6) and (7) into expression (5) and re-
arranging terms to separate out the temperature dependence
yields the following expression, we have

1/3
Osurf °< €Xp [_ (];)) ] ) (®)

where Ty is the characteristic temperature. It is obviously ob-
served that the surface leakage conductivity Ogyt is strongly
dependent on the temperature in the 2D-VRH model.

The activation energy (E,) of surface leakage current,
which reflects the possibility of the 2D-VRH transport pro-
cess, can also be extracted though a similar expression as

shown below!13!
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In Fig. 5, plots of In(Gyy) versus 1/T'/3 at the bias volt-
age Vg1 = —5V, —8 V, and —10 V are shown, respectively. It
is observed that the experimental data for temperatures rang-
ing from 298 K to 423 K can be well fitted by a series of
straight lines, which are well consistent with expression (8) in

this work. Therefore, the 2D-VRH transport mechanism can
be used to explain the reverse surface leakage current in Al-
GaN/GaN HEMT with SiN passivation. It is consistent with
the observation in HEMT with a Si-doped n-AlGaN barrier
layer in previous work.['?) Meanwhile, it should also be noted
that the transport mechanism of reverse surface leakage cur-
rent is independent of the voltage bias across the two elec-
trodes in this paper.

measurement conditions
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Fig. 5. Plots of In(Gyyg) versus 1/T'/3 at temperatures ranging from
298 K to 423 K at bias voltage Vg; = =5V, —8 V, and —10 V, respec-
tively.

The schematic energy band diagram showing the 2D-
VRH transport mechanism of reverse surface leakage current
between G1 and G2 is plotted in Fig. 6. As shown in Fig. 6, a
number of trap states exist at the AlGaN surface with the en-
ergy level close to Fermi level. When a negative bias is applied
to G1, the electrons can be injected into the empty surface
states from G1 due to the relatively high electric field at the
gate edge. Then the injected electrons are possible to be cap-
tured by trap states with low potential energy. With the help
of the existing electric field and thermal energy, the trapped
electrons gain kinetic energy and have a possibility to emit
into the trap states with higher potential energy. Considering
the potential energy gap existing between those trap states, the
electrons that are captured in the higher potential energy traps
are unstable, and it is easy for the electrons to fall into the sta-
ble state traps with lower potential energy. The electric field
applied between the electrodes of G1 and G2 restricts these lat-
erally injected electrons moving from G1 towards G2 via the
2D-VRH model. The movement of these electrons induces the
reverse surface leakage current. In other words, the trap states
act as “stepping-stones” for electrons to fall into or emit from
them.

Finally, the Arrhenius curve of In(0gy¢) versus 1000/T
is plotted in Fig. 7. Considering expression (9), the activation
energy can be extracted accordingly and is around 0.083 eV,
which is different from those in previous studies.[!’-13] Tt
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should be noted that either the barrier layer or the passiva-
tion layer is obviously different from those in previous stud-
ies, which may induce the variation of activation energy. With
increasing the temperature, the electrons trapped in surface
states gain kinetic energy and have a higher possibility to hop
out, which results in the increase of surface leakage current as
shown in Fig. 3.
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Fig. 6. Schematic energy band diagram of the 2D-VRH transport mech-
anism in dual-gate structure when a negative bias is applied between the
electrodes of G1 and G2, which illustrates the electron transport process
via surface states between two electrodes, resulting in the lateral surface
leakage current in AlIGaN/GaN HEMT.
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Fig. 7. Plot of In(0gyr) versus 1000/7 at temperatures ranging from
298 K to 423 K under the bias of Vg = —10 V.

In order to further investigate the transport mechanism
of reverse surface leakage current, a similar dual-gate struc-
ture with different AlGaN barrier layers is adopted. The bar-
rier layer is of 8-nm-thick AlGaN with a high Al composition
(65%). A similar temperature-dependent experiment is car-
ried out. Three possible transport mechanisms are examined,
separately. It is shown that both the FN tunneling mechanism
and FP emission mechanism still cannot be used to explain the
generation of surface leakage current. As shown in Fig. 8, only

the 2D-VRH model is well consistent with the measured ex-
perimental data. Moreover, the activation energy is extracted
to be 0.10 eV. It is slightly different from that in HEMT in
the case with a conventional AlGaN barrier layer, which may
be attributed to the alteration of the barrier layer. Therefore,
we can conclude that the 2D-VRH mechanism still dominates
the transport of reverse surface leakage current in HEMT with
an 8-nm-thick Al ¢5Gag 35N barrier layer, and no new mecha-
nism is introduced in this work. In other words, the alteration
of the AlGaN barrier layer has little effect on the transport
mechanism of reverse surface leakage current in this paper.
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—19.01 ‘/()hmic =0V
T Vai=-10V
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0.130 0.135 0.140 0.145 0.150
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Fig. 8. Plot of In(Gyy) versus 1/T'/3 at temperatures ranging from
298 K to 423 K under the bias voltage Vg; = —10 V in SiN passivated
HEMT with 8-nm-thick Al ¢5Gag 35N barrier layer.

4. Conclusions

In this paper, the transport mechanism of reverse surface
leakage for AlIGaN/GaN HEMT with SiN passivation is stud-
ied. By utilizing the dual-gate structure, the surface leakage
current can be well assessed. Temperature-dependent experi-
ments at temperatures ranging from 298 K to 423 K are carried
out. It is observed that the reverse surface leakage current in-
creases with the enhancement of temperature. Associated with
the numerical transport models, the mechanisms of Fowler—
Nordheim tunneling and Frenkel-Poole emission cannot ex-
plain the generation of surface leakage current. However, it
is found that the measured experimental data are well accor-
dant with the 2D-VRH model. Therefore, we conclude that
the 2D-VRH mechanism dominates the transport of surface
leakage current. The activation energy is extracted, which is
around 0.083 eV. Furthermore, it is also observed that the 2D-
VRH dominates the surface leakage current in SiN passivated
HEMT with high Al composition and a thin AlGaN barrier
layer. The activation energy is around 0.10 eV. It indicates that
the alteration of the AlGaN barrier layer has little influence on
the transport mechanism of the surface leakage current in Al-
GaN/GaN HEMT in this paper.
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