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Rectangular Schottky drain AIGaN/AIN/GaN heterostructure field-effect transistors (HFETSs) with different gate con-
tact areas and conventional AlIGaN/AIN/GaN HFETs as control were both fabricated with same size. It was found there
is a significant difference between Schottky drain AlIGaN/AIN/GaN HFETs and the control group both in drain series re-
sistance and in two-dimensional electron gas (2DEG) electron mobility in the gate—drain channel. We attribute this to the
different influence of Ohmic drain contacts and Schottky drain contacts on the strained AlGaN barrier layer. For conven-
tional AIGaN/AIN/GaN HFETs, annealing drain Ohmic contacts gives rise to a strain variation in the AlGaN barrier layer
between the gate contacts and the drain contacts, and results in strong polarization Coulomb field scattering in this region.
In Schottky drain A1GaN/AIN/GaN HFETs, the strain in the AlGaN barrier layer is distributed more regularly.
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1. Introduction

AlGaN/GaN heterostructure field-effect
(HFETs) are one of the most promising candidates for high

transistors

power and microwave applications due to their wide bandgap
and excellent transport properties.!->) Recently a new technol-
ogy based on the use of Schottky metallization in the drain
contact of AlIGaN/GaN HFETs has been used to improve de-
vice performance. Compared with conventional AIGaN/GaN
HFETs, current gain cut-off frequency (fr), maximum oscil-
lation frequency (fmax), and three-terminal breakdown voltage
are all better in Schottky drain AlIGaN/GaN HFETs.>*! Tt has
been demonstrated that there is strain variation in AlGaN bar-
rier layer that leads to polarization Coulomb field scattering in
conventional AlGaN/GaN HFETs,>~"! and it is meaningful to
research the strain distribution in the AlGaN barrier layer of
Schottky drain AlIGaN/AIN/GaN HFETs.

In this
and current—voltage (/I-V) curves of Schottky drain Al-
GaN/AIN/GaN HFETs were measured, along with conven-
tional AIGaN/AIN/GaN HFETs as a control group. We cal-
culated the drain series resistance and the two-dimensional

letter, capacitance—voltage (C-V) curves

electron gas (2DEG) electron mobility in the gate—drain chan-
nel for these two kinds of AIGaN/AIN/GaN HFETs. For
Schottky drain AlGaN/AIN/GaN HFETs, it was found that
the drain series resistance is much lower and the 2DEG elec-
tron mobility in the gate—drain channel is much higher than
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those of the control group. The lower drain series resistance is
of great importance in improving the high-frequency perfor-
mance of AlGaN/GaN HFETs .8 Results of energy dispersive
spectroscopy (EDS) analysis show that for the control group
an apparent transverse diffusion of metal atoms happens and
lots of oxygen atoms near the drain are brought in during rapid
thermal annealing in the gate—drain regions. We conclude that
the annealing of Ohmic contacts has an important effect on
the strained AlGaN barrier layer, and Ohmic contacts are an
important source of polarization Coulomb field scattering in
AlGaN/AIN/GaN HFET devices.
of Schottky contacts on the strained AlGaN barrier layer is

In contrast, the influence

smaller, and the strain in AlGaN barrier layer is distributed
more regularly.

2. Experiments

The layers used in this study were grown by molec-
ular beam epitaxy (MBE) on a (0001) sapphire substrate.
The structure consists of a 40-nm AIN nucleation layer, fol-
lowed by a 3-um undoped GaN layer, a 0.5-nm AIN in-
terlayer and a 22.5-nm thick undoped Alg28Gag 72N layer.
Hall measurements indicate a sheet carrier density of around
1.1x10"3 cm~2 and an electron mobility of 1800 cm?/V-s
at room temperature. For device processing, mesa isolation
was performed using Cl,/BCls reactive ion etching. The
source Ohmic contacts of the rectangular Schottky drain Al-
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GaN/AIN/GaN HFETs, and the source and drain Ohmic
contacts of the conventional AIGaN/AIN/GaN HFETs were
formed by depositing Ti/Al/Ni/Au using e-beam evaporation
and lift-off. All these rectangular contacts were annealed
in a rapid thermal annealing system, and the specific resis-
tivity of the Ohmic contacts was 1.8x107* Q.cm?. Ni/Au
(60 nm/160 nm) Schottky contacts were deposited by e-
beam evaporation to form the gate and drain of the Schot-
tky drain AlGaN/AIN/GaN HFETs, and the gate of the con-
ventional AlGaN/AIN/GaN HFETs. Source contacts and
drain contacts of both kinds of AlIGaN/AIN/GaN HFETs were
100-um wide and 50-um long with a 60-um distance be-
tween them. For Schottky drain AlGaN/AIN/GaN HFETs,
rectangular gate contacts were symmetrically placed in the
middle between the source and the drain with their sizes
12 um/100 pm (length/wide), 24 pm/100 pm, 36 um/100 pwm,
and 48 um/100 pm and are referred to as 1, 2, 3, and 4, respec-
tively. For the control group, the gate contacts had the same
sizes and geometric position as those in the Schottky drain Al-
GaN/AIN/GaN HFETs, and they are referred to as 5, 6, 7, and
8, respectively. C—V measurements were performed using an
Agilent B1520A with 1 MHz at room temperature, and -V
measurements were also performed using an Agilent B1S00A
semiconductor parameter analyzer. EDS analysis was carried
out using INCAx-sight 7421 EDS analysis system.

3. Results and discussion

The series resistance and 2DEG electron mobility of sam-
ples 5, 6, 7, and 8 can be obtained with a method that has
been accepted.!”) However, this method is not applicable for
samples 1, 2, 3, and 4. The series resistance under Schot-
tky drain contacts and the asymmetry of source contacts and
drain contacts for Schottky drain AIGaN/AIN/GaN HFETs
should be taken into consideration. Figure 1 shows the re-
sistance distribution in the Schottky drain AlGaN/AIN/GaN
HFET when the gate bias (Vi) > the threshold voltage (V)
and the drain bias (Vpg) > turn-on voltage of the Schottky
drain contact (Von). Rschotky 1S the series resistance under the
Schottky drain contacts, Rg is the source series resistance, Rp
is the drain series resistance, and Rg is the channel resistance
under the gate. The drain is represented as a series of uni-
formly distributed identical diodes. Since the source Ohmic
contact has low specific resistivity, the source contact resis-
tance can be ignored. The whole resistance between the drain
and source of the Schottky drain HFET (Rt) can be expressed
as Rt = Rschottky + Rs + Rg + Rp. With the device under zero
gate bias, Rt can be obtained using Chueng’s functions [°! with
the -V curve between the drain and the source, and Rschoky
can be calculated using the power consumption method.!'!
Rgs can be obtained with the /-V curve between the gate and
source. The influence of annealing the source Ohmic contact

on the gate—drain region can be ignored because of the long
distance from the source contact. So Rg and Rp will be de-
termined considering the length ratio of their corresponding
2DEG channel. Because the thickness of the AlGaN barrier
layer is only 22.5 nm, and is negligible compared with the
gate—source and gate—drain spaces, the influence of the gate
bias to the 2DEG electron density of the ungated regions can
be neglected. Rschottky> Rs, and Rp will not be affected by the

gate bias.
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Fig. 1. Diagram of resistance distribution in the Schottky drain Al-
GaN/AIN/GaN HFET under working conditions.

Figures 2(a) and 2(b) show the C-V curves of the Schot-
tky drain AlGaN/AIN/GaN HFETs and the corresponding
conventional AlGaN/AIN/GaN HFETs, respectively. These
C-V measurements were performed using gate contacts and
source contacts. Figure 3 shows the calculated 2DEG elec-
tron density under different gate biases for the two kinds
of AlGaN/AIN/GaN HFETs by integrating the measured C—
V curves.®! The I-V characteristics for both Schottky drain
AlGaN/AIN/GaN HFETs and conventional AlIGaN/AIN/GaN
HFETs at zero gate bias are shown in Fig. 4. Figure 5 shows
the measured /-V curves between gate contacts and source
contacts for Schottky drain AIGaN/AIN/GaN HFETSs; nypgg
is defined as the 2DEG density in the channel between gate
contacts and drain contacts for samples 1, 2, 3, 4. R{, R}, and
g are defined as the source series resistance, the drain se-
ries resistance, and the 2DEG density in the channel between
gate contacts and drain contacts for samples 5, 6, 7, 8, respec-
tively. Ry and Ry, are equal because of the structural symme-
try in the conventional AlIGaN/AIN/GaN HFETs. Based on
the measured C-V curves and I-V curves for Schottky drain
AlGaN/AIN/GaN HFETs and conventional AlIGaN/AIN/GaN
HFETS, Rschotkys Rs. Rp, nopgg for samples 1, 2, 3, 4 and
RS, R}y, uhppg for samples 5, 6, 7, 8 were calculated (see Ta-
ble 1). From Table 1, it can be seen that the drain series re-
sistance in samples 1, 2, 3, 4 is much lower than that in the
control group, and the 2DEG electron mobility in the chan-
nel between gate contacts and drain contacts is much higher
than that in the control group. An INCAx-sight 7421 energy
dispersive spectroscopy (EDS) analysis system with an accel-
erating voltage of 15 kV was used to investigate the influence
of annealing the Ohmic contacts on the strained AlGaN barrier
layer. We chose 3 tiny regions between gate contacts and drain
contacts to make elements content analysis for samples 5, 6,
7, 8, respectively. Figures 6(a), 6(b), and 6(c) show results of
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elements content analysis in the objective regions for sample
6. It was found that there are Ohmic contact metal atoms (Ti,
Au) near the drain, which means the transverse diffusion of
metal atoms has happened and there are also lots of oxygen
atoms near the drain which were brought in during rapid ther-
mal annealing. Ti, Au, and oxygen atoms are not found in the
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middle of the gate—drain region or near the gate. So there is
obvious strain variation in the AIGaN barrier layer between the
gate contact and the drain contact that is caused by the trans-
verse diffusion of metal atoms and the lead-in oxygen defects.
SEM-EDS analysis for other samples showed the same results
as for sample 6.
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Fig. 2. The measured C-V curves at room temperature for samples 1, 2, 3, 4 (a), and samples 5, 6, 7, 8 (b).
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Fig. 3. The calculated 2DEG electron density under different gate biases at room temperature for samples 1, 2, 3,4 and 5, 6, 7, 8.
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Fig. 4. The measured /-V curves under zero gate bias at room temperature for samples 1, 2, 3, 4 (a), and samples 5, 6, 7, 8 (b).
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Fig. 5. The measured /-V curves between gate contacts and source
contacts at room temperature for samples 1, 2, 3, 4.

Because Schottky drain AlIGaN/AIN/GaN HFETs and the
control group had the same sizes and were fabricated on
the same material, the apparent difference between nypgg
and uypp is attributed to the different influence of Ohmic
drain contacts and Schottky drain contacts on the strained Al-
GaN barrier layer. For conventional AIGaN/AIN/GaN HFETs,
drain Ohmic contacts were formed through rapid thermal an-
nealing, which resulted in transverse diffusion of metal atoms
toward gate contacts. The diffusion of metal atoms contributes
to the strain variation in the AIGaN barrier between gate
contacts and drain contacts, and leads to strong polarization
Coulomb field scattering in this region. Also, oxygen defects
were created in the AlGaN barrier layer near drain Ohmic con-
tacts and also contributes to the strain variation in the AlIGaN
barrier layer. However, for Schottky drain AIGaN/AIN/GaN
HFETs, drain contacts were formed without rapid thermal an-
nealing. Compared with Ohmic drain contacts, the deposi-
tion of Schottky drain contacts had much less effect on the
strained AlGaN barrier layer, and led to weaker polarization
Coulomb field scatter with interface polarization charges dis-
tributed more regularly in the gate—drain region. From Ta-
ble 1, we also can see the large difference between Rs and Rp

in Schottky drain AIGaN/AIN/GaN HFET devices, and this
demonstrates that the Ohmic contacts have a stronger influ-
ence on the strained AlGaN barrier layer than the Schottky

contacts have.

(a) Elements Weight/% Atomic/%
N 15.43 26.80
Ga 2593 9.05
Al 10.82 9.75
o 34.13 51.88
Ti 219 1.1
Au 11.50 1.42
Total 100 100
Ti Ti
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Fig. 6. Results of EDS analysis for the objective region with 1 um from
the drain contact (a), in the middle of the gate—drain region (b), and with
1 um from the gate contact (c) at room temperature for sample 6.

Table 1. The calculated parameters for samples 1, 2, 3, 4 and samples 5, 6, 7, 8.

Rschoky/Q  Rs/Q  Rp/Q  upppg/(cm?/V-s) RL(RS)IQ  typpg/(em?/V-s)
1 72.8 1458 775 2108 5 164.8 1120
2 78.0 1062 748 1722 6 149.4 876
3 73.7 72.3 48.3 1806 7 114.5 812
4 80.2 33.4 28.4 1570 8 46.5 990

4. Summary and conclusion

In summary, Schottky drain AlGaN/AIN/GaN HFETs
with different gate contact areas were both fabricated along
with conventional AlGaN/AIN/GaN HFETs of the same size
as control. For Schottky drain AlIGaN/AIN/GaN HFETs, the
drain series resistance is much lower and the 2DEG elec-

tron mobility in the gate—drain channel is much higher than

those of the control group, and this is attributed to the dif-
ferent influence of Ohmic contacts and Schottky contacts on
the strained AlGaN barrier layer. Compared with the Schottky
drain AlGaN/AIN/GaN HFETs, the annealing of drain Ohmic
contacts causes significant strain variation in the AlGaN bar-
rier layer and gives rise to strong polarization Coulomb scat-
tering between gate contacts and drain contacts in the con-

ventional AIGaN/AIN/GaN HFETs. Ohmic contacts are an
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important source of polarization Coulomb field scattering in
AlGaN/AIN/GaN HFET devices. For Schottky drain Al-
GalN/AIN/GaN HFETs, the strain in the AlGaN barrier layer is
distributed more regularly and the polarization Coulomb scat-
tering in the gate—drain region is weaker. The decrease of the
drain series resistance based on the use of Schottky metal-
lization in the drain contact is useful in improving the high-
frequency performance of Al1GaN/GaN HFETs.
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