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The kink effect in current—voltage (IV) characteristic s seriously deteriorates the performance of a GaN-based HEMT.
Based on a series of direct current (DC) IV measurements in a GaN-based HEMT with an AlGaN back barrier, a possible
mechanism with electron-trapping and detrapping processes is proposed. Kink-related deep levels are activated by a high
drain source voltage (Vgs) and located in a GaN channel layer. Both electron trapping and detrapping processes are accom-
plished with the help of hot electrons from the channel by impact ionization. Moreover, the mechanism is verified by two
other DC IV measurements and a model with an expression of the kink current.
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1. Introduction

The GaN-based high electron mobility transistor (HEMT)
has attracted worldwide attention due to its high-power ap-
plication at high frequencies and such excellent properties as
wide bandgap, high electron mobility, large electron satura-
tion velocity and high breakdown voltage.!'*! Although ma-
terial growth and processing techniques have been greatly im-
proved, the presence of inevitable traps results in current col-
lapse, which reduces power densities and limits the perfor-
mance of GaN-based devices.>%! The kink effect, an anoma-
lous increase in the drain current at a relatively low drain
source voltage (Vys), is also a trap-related phenomenon which
causes quite a serious current collapse.

Kink effects have been successfully reported in various
kinds of semiconductor transistors, such as Si MOSFETs,["]
GaAs MESFETs, 391 AlGaAs/InGaAs HEMTs,!'”) and In-
AlAs/InGaAs HEMTs.[!'=13] The mechanisms of those kink
effects are classified from three viewpoints and have been
clearly summarized in Ref. [10]. They are 1) channel
impact-ionization and subsequent hole accumulation, lead-
ing to change of surface or channel/substrate interface
potential;[*1%14] 2) field-dependent trapping/detrapping in

(151 3) a combined effect of impact ionization and

deep levels;
deep levels, thereby generating holes and modifying the occu-
pation state of the surface, and the bulk or channel/substrate
interface deep levels. (10

The kink effect has also been discovered in GaN-based
HEMTSs.['7-221 Considering the large energy gap of GaN and

the relatively low Vg, at which the kink effect occurs, the
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possibility of hole creation by band-to-band impact-ionization
should be less likely. Thus in GaN-based HEMTs, deep lev-
els are responsible for the kink effect in general.!'’~?!1 Binari
et al.'”l presented evidence that the occurrence of the kink
effect was almost surface-state-independent by comparing the
measured drain characteristics before and after SiN passiva-
tion. The kink effect can be assumed to be a signature of

172211 Deep lev-

deep levels located in a GaN buffer layer.!
els were negatively charged as a result of trapped electrons.
The hot electrons removed the trapped electrons by impact
ionization.['8-2%1 In this way, charges in deep-level traps can
be modulated and the kink effect may occur.

However, the existing mechanisms cannot fully explain
some of the previously investigated key kink-related phenom-
ena of the GaN-based HEMT. In this paper, according to a se-
ries of DC current—voltage (IV) measurements, we expand our
analysis and propose a novel and reasonable mechanism with
electron-trapping and detrapping processes. What is different
from the existing mechanisms is that both electron trapping
and electron detrapping are accomplished with the involve-
ment of hot electrons through impact ionization.

2. Device structure and fabrication

The GaN-based HEMT device employed in this work
was grown on a semi-insulating 4H-SiC substrate as shown
in Fig. 1. The epitaxial structure, including a 1-nm AIN nucle-
ation layer, a 1-um GaN buffer layer, a 1-um Alg g2Gag ogN
back barrier layer, a 150-nm GaN channel layer, 1-nm AIN
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interlayer, a 23.5-um Alg224Gag 776N barrier layer, and 2-nm
GaN cap layer, is grown by metal-organic chemical vapor de-
position (MOCVD). Ohmic contacts were formed by deposit-
ing the metals Ti/AI/Ni/Au (200 A/1800 A/550 A/450 A) fol-
lowed by rapid thermal annealing at 870 °C for 50 s in a nitro-
gen atmosphere, resulting in a low Ohmic contact resistivity
of 2x107% Q-cm. After ion implantation, Si3Ny film used for
passivation was grown by plasma enhanced chemical vapor
deposition (PECVD), and a gate recess was etched by using
a fluorine-based, and subsequent chlorine-based, inductively
coupled plasma process. Then Ni/Au (400 A/5000 A) met-
als were evaporated for the T-shaped Schottky gate metalliza-
tion. The gate length and width of the device are 0.25 um and
1000 pm (100 pmx 10), respectively.

S | ¢ | D
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2 nm GaN cap laver

23.5 pm Alp224Gag.776N barrier layer
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150 nm GaN channel layer
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1 nm AIN nucleation layer
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Fig. 1. Cross section of the GaN-based HEMT with AlGaN back barrier
layer.

3. Experiments and discussion

DC current—voltage (IV) measurements below are carried
out by an HP4142 parameter analyzer at room temperature.

In Fig. 2, four sets of DC IV output characteristics are
shown for the same device. In order to guarantee that the sub-
sequent measurements are not affected by the previous one, the
interval between every two sets of sequential measurements is
set at 2 hours. When Vg max is restricted to 10 V, the kink ef-
fect does not occur, as shown in the dashed lines. The output
characteristics indicated by the dotted lines are for Vys max re-
stricted to 20 V, and the kink effect is obvious. The higher the
Vs, max, the more remarkable the kink effect. So it can be con-
cluded that the occurrence of the kink effect is strongly related
to Vds,max-

Figure 3 shows two sets of two identical consecutive mea-
surements. The interval between the two sets of measurements
is 2 hours. As shown with solid lines, the first sweep (curve 1)
is under the same bias condition as the second sweep (curve
2) and the device is in an open state. It is observed that the
kink effect does not appear in curve 1, but it does in curve
2. Thus it implies that after the open device is stressed by

the prior DC IV sweep with a high enough Vs max, the kink
effect will occur in the subsequent one. Moreover, after the
device in pinch-off state is driven by high Vs, the kink effect
also appears in the subsequent sweep (Vgs = —2 V) as shown
by the lines with symbols. It can be concluded that whether
the kink effect occurs is unrelated to whether the device is in
an on-state or pinch-off state in the first sweep. However, a
comparison between the two sets of two consecutive measure-
ments suggests that the magnitude of the kink effect appearing
in the subsequent sweep is larger if the device is in an on-state
in the prior sweep. It implies that the high drain voltage has a
greater influence on the kink effect than the high drain current,
which corresponds with the experiment results in Ref. [22].
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Fig. 2. DC IV output characteristics with different values of maximum
drain bias (Vs max ). The value of Vg is from —3.75 V to —2 V in steps
of 0.25 V and of Vs is from 0 V to Vg max in steps of 0.1 V.
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Fig. 3. Comparison between two consecutive measurements for two
different first sweeps.

Here we define the drain source voltage at which the
kink effect starts to appear as Vgs_kink, and then we know that
Vas—kink Of our device is about 6 V from Figs. 2 and 3. The re-
gion of Vys < Vis_kink 18 defined as the pre-kink region, where
145 is much lower than one without the kink effect, as shown in
Fig. 3. Furthermore, under higher Vys and higher Vg, the kink
effect is more obvious, as displayed in Fig. 2.

A novel mechanism will be presented to reasonably ex-
plain the kink-related phenomena above.
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The kink is widely known as a trap-related effect. The
trap may exist anywhere in the device. There are many sur-
face states in the surface between the gate and drain space:
interface states between every two layers, and traps in the Al-
GaN barrier layer, the GaN buffer layer, etc.!?] Meneghesso
G et al."® demonstrated that traps which contributed to the
kink effect probably existed in the GaN buffer layer by inves-
tigating the correlation between the kink effect and cathodo-
luminescence spectra in AlIGaN/GaN HEMTs. Based on this
discovery, a complete electron-trapping and detrapping mech-
anism is proposed as shown in Fig. 4. However, in the device
investigated in this paper, kink-related deep levels are consid-
ered to be located in the GaN channel layer.

e
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hot electrons from
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Fig. 4. Electron-trapping and detrapping mechanism of deep levels in
GaN channel layer.

To the best of our knowledge, there is a shal-
low quantum well (called temporarily “back well”) at the
Alp 02Gag 9gN/GaN interface towards the SiC substrate. If a
hot electron in the top channel (along the AIN/GaN) is pushed
into the back well, it will spend more time and energy re-
turning to the channel. But in general conditions it is diffi-
cult to inject the electron into the back well because of a back
barrier.’?* Thus it is difficult for hot electrons to be transported
beyond the back well and to be pushed into traps in the AlIGaN
back barrier layer or GaN buffer layer. So the kink effect is at-
tributed to deep levels in the GaN channel layer (150 nm) in
the GaN-based HEMT with an AlGaN back barrier. This is
not the case in conventional GaN-based HEMTs. Kink-related
traps in conventional GaN-based HEMTs with no back barrier
are known in the GaN buffer layer.!'’-!] But what is common
is that the deep levels are located in the GaN layer which is
below the channel.

In the first sweep, traps in the GaN channel layer are acti-
vated when Vg max is high enough. Then, a subsequent sweep
is conducted with Vg ranging from 0 V to Vgsmax. The ap-
plied drain voltage, which results in a large lateral electric
field, causes electrons in the channel to obtain energy and turn
hot. For the energetic channel electron, it is possible to trans-
fer to the valence band, and it is also likely to impact electrons
in the valence band. If the energy of the hot electron from the

channel is strong enough, it will activate the electron in the
valence band to Ap above the valence band. Thus Steps 1 and
2 occur. With Steps 1 and 2, negative charges gradually accu-
mulate in Ap, resulting in the decrease of the two-dimensional
electron gas (2DEG) and reduction in I3 in the subsequent
DC IV sweep. So Iy in curve 2 is lower than Iy in curve 1
in the pre-kink region, as shown in Fig. 3. As Vy, increases,
the electron obtains more energies from the electric field in the
channel. With enough energy, it is possible for hot electrons to
impact electrons in Ap and to activate them to Dp, as shown
in Step 3. Then Dp releases the trapped electron, which is
transferred to the conduction band, as shown in Step 4. There
is also some probability that the electrons released by Ap will
transfer to the conduction band directly, as shown in Step 5.
The process of Step 3—Step 4 or Step 3 results in the removal
of the negative charges accumulated in Ap. As a consequence,
2DEG and Iy start to increase rapidly and the kink effect oc-
curs.

Therefore it can be concluded that the kink effect is re-
lated to both Vg of the prior sweep and Vg of the subsequent
sweep. The number of deep levels generated in the GaN chan-
nel layer is associated with Vg of the prior sweep and the
number of electrons activated from the valence band to Ap
is related to Vg of the subsequent sweep. This is exactly the
reason for the more remarkable kink effect under higher Vg
and higher Vg, as shown in Fig. 2.

According to the mechanism we presented above, in the
first sweep (such as curve 1 in Fig. 3) the deep levels should
already have been generated. However, the kink effect does
not occur. This is due to the fact that, in the first sweep, the
deep levels which lead to the kink effect are generated at high
Vs, and then electrons in the channel can obtain a great deal of
energy from the large electric field in a very short time. As a
result, the whole electron-trapping and detrapping process will
take place quickly with the help of the hot electrons from the
channel by impact ionization. In this case, negative charges
cannot be accumulated in Ap or Dp, As a consequence, the
kink effect cannot appear in the first sweep, even though deep
levels have already been activated under high Vj;.

In order to verify the mechanism presented above, two
In Fig. 5, the
DC IV curves are obtained from three sets of two consecu-

further measurements are taken as follows.

tive measurements (measurements A, B, and C). The interval
between every two sequential measurements is set at 2 hours.
In the three measurements, the values of Vg in the first sweeps
are all —2 'V and the values of Vg in the second sweeps are
—2.5V, =225V, and —2 V. As shown in Fig. 2, the kink
effect does not occur when Vs max is restricted to 10 V. How-
ever, after the device is stressed by the prior sweeps with high
Vias (Vasmax = 30 V), the kink effect appears in the DC IV
curves with Vs max = 10V, as figure 5 shows. According to
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the mechanism, the prior sweep with Vis max = 30 V leads to
the generation of deep levels, which result in the occurrence
of the electron-trapping and detrapping process in the subse-
quent sweep with Vygs max = 10 V. The results correspond with
the mechanism proposed in this paper.

Vas: 0.1 V/step

300

measurements A

< 200
E —— measurements B
é —— measurements C
] first sweeps:
100

Vs from 0 V to 30 V

second sweeps:

Vis from 0 V to 10 V
1 1 1

0 10 20 30
Vas/V

Fig. 5. DC IV output characteristics (Igs versus Vgs) obtained from three
measurements.

Figure 6 shows three sets of DC IV output characteristics.
Vs is swept from different values of minimum drain voltage
(Vasmin) to 30 V. The Vg min of curve C is 2 V which is lower
than Vs _kink, and Vs min of curve A is 7'V which is higher than
Vas—kink- The kink effect in curve C is obvious. If charge car-
rier trapping in deep levels can occur without the help of hot
electrons by impact ionization,!'®2% the kink-related current
collapse should also occur in curve A, of which Vg min is high.
However, the measurement result obtained is in exact opposi-
tion to this, and the kink effect does not appear. According
to the mechanism proposed in this paper, this is mainly due to
the fact that the applied minimum drain voltage is high enough
to make the whole electron-trapping and detrapping processes
occur almost at the same time with the involvement of hot elec-
trons which impact electrons in the valence band or deep lev-
els. As a consequence, negative charges cannot accumulate in
Ap and Dp, and Iy does not decrease in spite of the existence
of deep levels.

—o— Vig,min =7 V—curve A
00t — Vis,min =4 V—curve B
I Vis,min =2 V—curve C
300
< L
g
5 2001
’Nd -
100
0 10 20 30
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Fig. 6. DC IV output characteristics with different values of minimum
drain bias Vs min. The value of Vg is from —3.5 V to —2 V in steps of
0.25 V and Vs is from Vs min to 30 V in steps of 0.1 V.

A model with an expression of the kink current Alyg ver-
sus Vg (Eq. (1)) is used to demonstrate the consistency of
the mechanism with previously observed kink-related behav-
iors. The expression is as follows:

KgT —B
Alys = gmoiln [1 + Algsexp ()} , (D
q Vs — Vias—kink

where A and B are the fitting parameters, can also be deter-
mined by

Alys = Igs — 150, )

with Ijs0 being defined as Iy at the point of minimum out-
put conductance in pre-kink region. The kink current Alyg
increases exactly with the increase in Iys over its “pre-kink”
value Iy as shown in Fig. 3.

Four sets of two consecutive measurements (#1, #2, #3,
and #4) are performed. The Vg, is swept from 0 V t0 Vs max
and Vg is at a fixed-bias point in both the first and second
sweeps. The interval between every two sets of sequential
measurements is 2 hours. Table 2 shows the detailed sweep-
ing conditions. In Applied Design System (ADS) software,
adjust the fitting parameters A and B until I3 extracted from
the model fits /ys obtained from the second sweep. The ob-
tained values of A and B are shown in Table 1.

A comparison between #1 and #2 indicates that both A
and B are highly related to Vg of the first sweep. Moreover,
it is obvious that the two fitting parameters are Vg of the sec-
ond sweep and Vs max Of the first sweep by comparing #3 with
#2 and #4. Thus the kink current Alys, which represents the
magnitude of the kink effect, is associated with Vg and Vys of
both the first and second sweep. These are consistent with the
previously proposed mechanism and observed kink behaviors.

Table 1. Sweeping conditions and fitting parameters.

First sweep Second sweep Fitting parameter

Vds.max Vgs Vds‘max Vgs A B
#1 30 —4 30 -2 0.0278 1.10
#2 30 0 30 -2 0.0448 0.80
#3 30 0 30 -1 0.1440 0.74
#4 10 0 30 -1 0 -

4. Conclusions

GaN-based HEMTs display more and more advantages
in both high power and high frequency. However, kink ef-
fect, a serious current collapse, is one of the trickiest issues
which hinder the application and development of the GaN-
based HEMT. In our research, based on a series of DC IV
measurements, a novel mechanism with electron trapping and
detrapping processes is proposed. Both electron trapping and
electron detrapping are accomplished with the involvement of
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hot electrons from the channel by impact ionization. We sug-
gest that kink-related deep levels in the GaN-based HEMT
with an AlGaN back barrier should be located in the GaN
channel layer. According to the mechanism, the kink effect oc-
curs at relatively low Vg in the subsequent DV IV sweep only
when Vi max of the prior sweep is high enough. The number of
deep levels is related to Vys of the prior sweep, and the number
of electrons activated from the valence band to deep levels is
associated with Vg of the subsequent sweep. Under higher Vg
and higher Vj;, the kink effect is more remarkable. These are
highly consistent with the measurement results, which makes
it meaningful for the mechanism to predict DC performance
of GaN-based HEMTs.
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