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We investigate the negative transconductance effect in p-GaN gate AlIGaN/GaN high-electron-mobility transistor
(HEMT) associated with traps in the unintentionally doped GaN buffer layer. We find that a negative transconductance
effect occurs with increasing the trap concentration and capture cross section when calculating transfer characteristics.
The electron tunneling through AlGaN barrier and the reduced electric field discrepancy between drain side and gate side
induced by traps are reasonably explained by analyzing the band diagrams, output characteristics, and the electric field
strength of the channel of the devices under different trap concentrations and capture cross sections.
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1. Introduction

Gallium nitride (GaN) high-electron-mobility transistors
(HEMTS) are attractive for high-frequency, high-power semi-
conductor devices and sensor applications due to their high
breakdown field, high mobility, and good thermal stability. -]
However, conventional AlGaN/GaN HEMTs are inherently
normally-on devices because of a large amount of two-
dimensional (2D) electron gas (2DEG) existing at the Al-
GaN/GaN interface.’! In high-power applications with sim-
ple circuitry and system reliability, normally-off devices are
highly desirable.!*! The structure with p-GaN cap layer can
obtain normally-off performance by depleting the 2DEG in
the interface, and has drawn increasing attention in the in-
dustry due to its large threshold voltage and low on-state
resistance.> 8!

The performances of GaN-based HEMTs can be limited
by the presence of surface, bulk, and interface trap states.[%10]
More recently, the traps in the intentionally iron-doped GaN
buffer layer have been studied to improve the performances
of the GaN-based HEMTs.[!1=13] However, little attention has
been paid to the traps in the unintentionally-doped (UID) GaN
buffer layer. Gallium nitrides are characterized by a high-
density dislocations and several undesired impurities, com-
plexes, and point defects. Therefore, there are intrinsic trap
levels in the UID GaN buffer, which may have different ef-

fects on GaN-based HEMTs.[!4] Negative transconductance

DOI: 10.1088/1674-1056/ab3e00

means the decrease in drain current at a large gate voltage,
and can be affected by these traps. Earlier researches have re-
vealed the mechanisms of negative transconductance, such as
the increase of the intrinsic base resistance in AlGaAs/GaAs
HBTs, ") the electric field distribution in the channel in
HFETs,!'® surface-roughness in MOSFETs,!!”! and electrode
space in MIS tunnel diode.!'8! And more recently, negative
transconductance were found in MoS,/Wse; heterojunction
transistor.['”) However, few studies reported that the negative
transconductance is attributed to the traps in UID buffer layer
in p-GaN gate AlIGaN/GaN HEMT.

In this paper, using the TCAD simulation we obatin trans-
fer curves of the p-GaN gate AlGaN/GaN HEMTs, and find
that high concentration and cross-section of traps in UID GaN
buffer layer can result in negative transconductance of the de-
vice. Energy band diagrams, output curves, and electric filed
distribution of the device are simulated to further study the
mechanisms of negative transconductance.

2. Device characteristics

The TCAD device simulator based on ATLAS was used
to model the device characteristics. Poisson’s equation and
continuity equation were applied to the numerical procedures.
Newton iteration method was used to solve the nonlinear al-
gebraic system equations until self-consistence was reached.
We used the Schockley—Read—Hall recombination to model
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the traps.[?%! Polarization model was taken into account due to
the strong spontaneous and piezoelectric polarization effects
in nitride semiconductors.?! A low field mobility model and
a nitride-specific high field dependent mobility model were
used to consider various types of scattering mechanisms. [>?!
Fowler—Nordheim tunneling model was used to treat the tun-
nel effect.[?!

Figure 1 shows the schematic cross section of the pro-
posed p-GaN gate AIGaN/GaN HEMT. The device consists
of a 50-nm-thick p-GaN layer with an active hole density of
3 x 10'7 cm™3, a 15-nm-thick AlGaN layer with the Al mole
fraction of 0.23, and a 2-pm-thick UID GaN buffer layer with
a background carrier concentration of 1 x 10'® cm™3. The
acceptor trap energy level in the UID GaN buffer layer was
set to be 0.4 eV below the conduction band minimum with
adjustable concentrations and electron and hole capture cross
sections, which are oftentimes detected in undoped GaN lay-
ers grown by MBE, particularly, under N-rich conditions. >4
The structure of the device is based on the experimental
structure, > and the gate is assumed to be schottky contact,
source and drain are assumed to be ohmic contacts. The gate—
source distance is 1 pum, the gate—drain distance is 6 um, and

the width of the gate is assumed to be 1 mm.

G

GaN

Fig. 1. Schematic cross section of the proposed p-GaN gate Al-
GaN/GaN HEMT.

As earlier paper reported, trap concentration in UID GaN
buffer can be higher than 1 x 107 cm™3 when the UID GaN
buffer layer was grown by MOCVD at lower growth rate. [26]
To characterize the effect of trap concentration in the UID GaN
buffer layer on the negative transconductance of the devices,
five trap concentrations are selected to be 1 x 1017 cm™3, 3 x
107 em™=3,5%x 107 em™3,7%x 107 cm =3, and 9 x 10!7 cm 3.
The capture cross section is set to be 1 x 10715 ¢cm? in this
case. Figure 2 shows the Vg—Ip curves of the devices with the
five trap concentrations, where Vp is 10 V, and Vg is scanned
from O V to 10 V in steps of 0.5 V. The threshold voltage of
the devices is about 1.8 V. Normally, the drain current of the
devices increases with the increase of gate voltage, and then
is saturated when the gate voltage is large enough as indicated
by the black and red curves in Fig. 2. However, as we can see
in Fig. 2, the drain current drops when gate voltage is higher
than 5 V and simultaneously the trap concentration reaches

5 x 10'7 em™3, leading to a negative transconductance phe-
nomenon. Therefore, concentration of traps in the UID GaN
buffer layer is associated with negative transconductance of
p-GaN gate AIGaN/GaN HEMTs.
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Fig. 2. (a) Transfer characteristics, (b) transconductance, and (c) Ig—
-3

Vi curves of devices, whereas trap concentrations are 1 X 10" cm s
3% 107 em™3, 5x 1017 ecm3, 7 x 10" em ™3, and 9 x 10'7 cm™3, and
Vpis 10 V.

Figure 3 shows the transfer characteristics of the de-
vices with four capture cross sections, which are set to be
1x 1071 em?, 1 x 107 em?, 1 x 107 cm?, and 1 x
10713 cm?2,124] where Vp is 10 V, and Vg is scanned from 0 V
to 10 V in steps of 0.5 V. We set the trap concentration to be
3 x 10'7 ¢cm™3 in this case. As shown in Fig. 3, the threshold
voltage is about 1.8 V. When the capture cross section reaches
1 x 107! c¢m?, the drain current drops at a gate voltage of
about 5 V, leading to the negative device transconductance.
Therefore, the capture cross section is also associated with
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the negative transconductance of the p-GaN gate AlGaN/GaN
HEMT.
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Fig. 3. (a) Transfer characteristics, (b) transconductance, and (c) Ig-Vg

curves of the devices, whereas trap capture cross sections are 1 x 10716 cm?,

1 %107 em?, 1 x 1071% ecm?, and 1 x 10713 ecm?, and Vp is 10 V.

3. Results and discussion

Traps in the UID GaN buffer layer are assumed to be
acceptor-type traps which are unionized at zero gate bias, and
they can ionize and capture electrons, with gate bias applied.
This will influence the density and mobility of electrons in
the channel, and hence influence drain current of device. In
addition, electrons tunneling through the thin AlGaN barrier
layer at a large gate bias can also influence the drain current.
Drop in drain current at the large gate voltage means the oc-
currence of a negative transconductance phenomenon. In or-
der to analyze the negative transconductance phenomenon as-
sociated with trap concentrations and capture cross sections

as shown in Figs. 2 and 3, we provide the band diagrams,
output characteristics of the device, and electric field distri-
bution. Figure 4 shows the conduction band diagrams of the
devices with the five trap concentrations at a gate voltage of
5 V. The device is open at this status and electrons are col-
lected in the AlIGaN/GaN interface. Triangle barrier forms at
AlGaN layer, and electrons have possibility to tunnel through
the AlGaN layer. As shown in Fig. 4(a), the triangle barrier be-
comes thinner with the increase of trap concentration, which
makes it easier for the electrons in the potential well to tun-
nel through the AlGaN layer. These electrons can be attracted
to the gate side and thus cause the gate current to increase
as shown in Fig. 2(c). As a result, the electron density in the
channel decreases with trap concentration increasing as shown
in Fig. 4(b), and then results in a reduced drain current. There-
fore, when trap concentration comes to a certain value, the
negative transconductance phenomenon occurs.
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Fig. 4. (a) Band diagrams with five different trap concentrations. (b)
Electron concentrations in channel. Gate voltage is set to be 5 V.

Figure 5(a) shows the output characteristics of the devices
with the five different trap concentrations, with Vg being 5V,
and Vp being scanned from O V to 35 V. Because tunnel ef-
fect can influence the density of electrons in the channel as
shown in Fig. 4, the drain current in the saturation region in-
creases with the decrease of trap concentration. Figure 5(b)
shows the variations of R,, value with trap concentration of
the device calculated in the linear region of Ip—Vp curve for
the five different trap concentrations, and we can see that the
Ron increases with the increase of the trap concentration.
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Fig. 6. (a) Band diagrams with the four different trap cross sections. (b)
Electron concentrations in channel, with gate voltage being set to be 5 V.

Similarly, figure 6(a) shows the conduction band dia-
grams of the devices with the four capture cross sections at

a gate voltage of 5 V. It can be seen that the triangle barrier
becomes thinner with the increase of the capture cross sec-
tion and makes the tunnel process of electrons take place eas-
ier, which will reduce electron concentration in the channel
as shown in Fig. 6(b). These electrons can be attracted to the
gate side and cause the gate current to increase as shown in the
Fig. 3(c). The calculated output characteristics of the devices
show that the saturation current decreases with the increase of
capture cross section as shown in Fig. 7(a). The R, values of
the devices, calculated from linear region of I;—Vy curve, in-
creases with the increase of the capture cross section as shown
in Fig. 7(b).
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Fig. 7. (a) Output characteristics and (b) Ro, of devices with different cap-
ture cross sections at Vg =5 V.

The negative transconductance effect in the device can be
attributed to the tunnel effect, which is related to the trap con-
centration and cross section in the UID GaN buffer layer as
shown in Fig. 8. The tunneling is Fowler—Nordheim (FN) tun-

neling, and the tunneling probability can be expressed as!?’]

—4V2md
2heViias
where m is the electron mass, ¢r is the barrier height from Ef,
d is the barrier width, and E; is energy component of electrons

Tegn = exp (Er+ ¢ — E;)*?|,

normal to the barrier surface. The eVyj,s is shown in Fig. 8.
The value of eWy,s increases with trap concentration and trap
cross section increasing as shown in Figs. 4(a) and 6(a), which
results in a larger Trn. And hence the electron concentration in
the channel becomes smaller. Therefore, drain current drops
at higher trap concentration and cross section.
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tunnel effect

Fig. 8. Schematic diagram of tunnel effect resulting in negative
transconductance.

Figure 9(a) shows the variations of electric field strength
with gate voltageith at drain and gate side of the channel of
the device with a trap concentration of 3 x 107 cm™ under
different gate voltages. The values of Vg are set to be 5, 7,
and 9 V, because the negative transconductance appears when
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Vi reaches 5 V as shown in Fig. 2. We can see from Fig. 9(a)
that the value of electric field at drain side is higher than that
at gate side with the increase of the gate voltage, but the dif-
ference between them decreases at higher gate voltage. Fig-
ure 9(b) shows the difference in electric field between drain
side and gate side for the five trap concentrations, where Vg
is 7 V. The difference in electric field between drain side and
gate side decreases with trap concentration increasing. This
decrease causes the difference in electron mobility between
drain side and gate side to increase. Therefore, more carri-
ers are attracted to the gate side with larger trap concentration,
which leads the drain current to decrease. As a result, the re-
duced drain current at large trap concentration will cause a
negative device transconductance as shown in Fig. 2.
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Fig. 9. Electric field strength at drain and gate sides of the channel of the device with (a) trap concentrations of 3 x 10'7 cm™3 and (c) capture
cross section of 1 x 107! cm? under different gate voltages. Difference in electric field between drain side and gate side for (b) five different
trap concentrations and (d) four capture cross sections, with Vg being 7 V.
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Fig. 10. Mechanism of negative transconductance, with Vg > 5 V.

Similarly, the difference in electron mobility between
drain side and gate side decreases with capture cross section
increasing, which leads the drain current to decrease, which

finally gives rise to the negative transconductance effect.

In conclusion, when gate voltage reaches 5 V, more elec-
trons are attracted to the gate side at higher trap concentration
and capture cross section, which results in a decrease of drain
current and an increase of gate current as shown in Fig. 10.

4. Conclusions

In this paper we study the negative transconductance ef-
fect in p-GaN gate AlIGaN/GaN HEMTs that is associated with
traps in the unintentionally doped GaN buffer layer. By sim-
ulation, we find that electrons are easier to tunnel through Al-
GaN barrier layer with increasing trap concentration and cap-
ture cross section, and simultaneously, the difference of elec-
tric field between drain side and gate side decreases. As a
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result, drain current drops and hence results in the occurrence

of negative transconductance effect. This phenomenon occurs

when the trap concentration reaches 5 x 10!7 cm™3 (whereas

capture cross section is 1 x 10~1% cm?) and capture cross sec-

tion reaches 1 x 107'% cm? (whereas trap concentration is
3x 107 em™3).
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