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ABSTRACT In this paper, the impact of ohmic structure on channel-to-channel (C2C) coupling effect in
InAIN/GaN double channel (DC) HEMTs is systematically analyzed and studied. For the un-recessed
ohmic structure, the electrons in the upper channel can easily inject into the bottom channel due to the
ultra-thin InAIN back barrier layer. Therefore, the maximum drain current and transconductance peak of
the bottom channel significantly increase. For recessed ohmic structure, the reduced vertical electric field
strength of the upper channel can effectively weaken the coupling effect between the two GaN channels.
Benefiting from the suppressed vertical transport of electrons in the upper channel, higher drain current
and transconductance of the upper channel are obtained in the recessed ohmic structure. In addition,
the transmission electron microscope (TEM) microstructural analysis of the DC HEMTs with recessed
ohmic structure was also performed. This work shows that the recessed ohmic structure can modulate the
electron transport mode in the InAIN/GaN DC HEMTSs. The coupling effect of the two channels will play
a major role in influencing the characteristics of current gain cutoff frequency (fr) / maximum power
gain cutoff frequency (fmax) versus Vgs and have a significant effect on large-signal characteristics, which
is quite attractive for the fabrication of power microwave GaN-based HEMTs with wide gate swing.

INDEX TERMS GaN, InAIN/GaN double heterostructure, channel-to-channel coupling effect, recessed
ohmic structure, RF characteristics.

I. INTRODUCTION

Gallium nitride (GaN) is an excellent choice for high
power and robust electronics due to its wide bandgap
and high critical electric field [1]-[5]. Another feature of
GaN is its ability to be utilized in high electron mobil-
ity transistors (HEMTSs) structures so that they can perform
well in higher frequency applications such as radar and
communication systems [6], [7]. AlIGaN/GaN based double
channel (DC) HEMTs have been explored to take advantage
of two channels and higher current drive, which may have

potential advantages in power switch devices [8] and RF cir-
cuit design [9]. On the one hand, GaN-based DC HEMTsSs
could present a high mobility channel under the metal-oxide-
semiconductor (MOS) field plate to allow a small series
resistance in the Schottky barrier diode [10]. On the other
hand, high current drive ability, good RF performance and
gain linearity at high input power can all be realized when
double-channel AlGaN/GaN HEMTs are designed with the
InGaN back-barrier layer for the bottom channel and an
AlGaN barrier layer for the upper channel [11]. Moreover,
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FIGURE 1. (a) Cross-section of ultra-thin InAIN barrier DC heterojunction.
(b) FFT diffractogram of the GaN channel layer. (c) Corresponding energy
band diagram of the InAIN barrier DC heterostructure. (d) Surface
morphology with a scanned area of 5 um x 5 pm.

the design of graded AlGaN:Si barrier layer between differ-
ent channels allows tailing the access resistance to enhance
the linearity of GaN-based transistors [12].

InAIN/GaN DC heterostructure [13], presenting an elec-
tron mobility of 1414 cm?/Vs and carrier density of
2.55x1013 cm_z, meets the needs of low sheet resistance
and access resistance. This is a desirable feature for the
high power and high frequency application. In order to fur-
ther improve the gate control ability of the gate to the bottom
channel, it is necessary to further reduce the InAIN spacer
thickness between two channels. Due to a thin spacer layer,
a strong channel-to-channel (C2C) coupling effect between
the two channels occurs [14]. This effect reduces the on-
resistance (Ro) in GaN-based DC HEMTs by exploiting
both channels at the recess region while allowing currents
to converge into the lower channel at the gate region. Until
now, the electrostatics and transport characterization of thin
InAIN barrier DC HEMT have not been comprehensively
investigated yet. In this work, the strong C2C coupling effect
was demonstrated in the ultra-thin InAIN barrier DC HEMT
and the influence of ohmic structure on the electron cou-
pling effect between two GaN channels was analyzed and
discussed for the first time.

Il. GROWTH EPITAXY AND DEVICE FABRICATION

Figure 1 (a) shows the cross-section of ultra-thin InAIN
barrier DC heterojunction grown by MOCVD on a 3-inch
sapphire substrate. The epi-structure consists of a 1.5 pm
GaN buffer/transition layer, a 6 nm bottom barrier layer
(including a 1 nm AIN, a 5 nm Ing ;7AIN), a 36 nm GaN
channel layer, a 6 nm upper barrier layer (including a 1 nm
AIN, a 5 nm Ing17AIN), and 2 nm GaN cap layer from
bottom to top. The two dimensional electron gas (2DEG)
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FIGURE 2. The inset is RSMs of the InAIN/GaN double channel structure.

induced by polarization is located at the upper GaN chan-
nel and the bottom GaN channel, respectively as shown in
Fig. 1(a). It yields an electron mobility of 1432 cm?/Vs, and
a total 2DEG concentration of 1.35x 103cm™2, as is deter-
mined by Hall measurements. Figure 1 (b) shows the Fast
Fourier transform (FFT) image of the GaN channel layer.
Based on the clear crystalline structure of the FFT diffrac-
togram, a high single crystalline quality of the epitaxial GaN
channel layer was obtained and no phase separation of AIN
and GaN was observed [15], [16]. Figure 1 (c) shows the
corresponding energy band diagram of the InAIN barrier DC
heterostructure, it can be seen that the two quantum wells
under the Fermi-level indicate the double conduction chan-
nels formation. The sample surface morphology is shown
in Figure 1 (d), which shows that the sample surface main-
tains step-flow morphology. The root mean square (RMS)
roughness of InAIN/GaN double-channel heterojunction is
approximately 1.2 nm with a scanned area of 5 x 5 pm?.

Figure 2 shows the high-resolution X-ray diffraction (HR-
XRD) w-20 scans rocking curves for (0004) reflection of
InAIN/GaN double channel structure grown on sapphire.
Three dominant peaks at around 35.7 °, 36.5 °, and 37.4 °
correspond to the GaN buffer layer (channel), InAIN barrier
layer, and AIN nucleation layer, respectively. The indium
mole fraction is 17% according to the Vegard’s law, which
makes the lattice constant of InAIN match with that of
GaN. In addition, clearly diffraction fringes, which is gen-
eral in superlattice structures, can be observed around the
InAIN peak. This phenomenon is related to the multilayer
characteristic of the double channel heterostructure, indicat-
ing the excellent interface quality. The inset figure in Figure
2 illustrates the reciprocal space maps (RSMs) of InAIN/GaN
double channel structure. The narrowing in the RSM indi-
cates a lower density of dislocations in InAIN/GaN double
channel structures.

Device fabrication process started with mesa isolation
by using Cly-based inductively coupled plasma (ICP). The
drain/source-recessed regions defined by optical lithog-
raphy were treated with Cly-based plasma to remove
Ing 17AIN/AIN/GaN layers. The etching depth is ~ 44 nm
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FIGURE 3. (a) Measured capacitance-voltage (C-V) characteristics
and (b) electron distribution extracted from the C-V curves of Schottky
barrier diode in ultra-thin InAIN/GaN double channel HEMTs.

measured by atomic force microscope (AFM). Ti/Al/Ni/Au
metals were deposited and followed by rapid thermal
annealing (RTA) at 830 °C for 30 s in N> environment.
Conventional sample without the ohmic pre-etched was also
fabricated. After the RTA process, the transmission line
modeling (TLM) was performed to evaluate the contact resis-
tance. The extracted contact resistance for the recessed ohmic
contact sample and conventional sample were 0.38 and
0.40 2-mm, respectively, which indicates that the recessed
ohmic contact has a slight improvement in terms of contact
resistance. A SiN layer was deposited by Plasma Enhanced
Chemical Vapor Deposition (PECVD) to serve as a passi-
vation layer. The openings in the SiN layer were performed
at the gate region. Then, Ni/Au e-beam evaporation and
lift-off were carried out subsequently to form the gate
pads. Circular-shaped Schottky barrier diodes (SBDs) with
130 wm gate diameter were used for capacitance-voltage
(C-V) measurements and electron density profile evalua-
tion. The devices with a gate length (Lg) of 0.5 um, a
gate width of 50 pm and source-drain spacing of 6 pwm
were used for the analysis of electrical performances and
transport characteristics. Fat-FETs with Lg = 50 pm biased
at linear region were used to derive the field mobility of
electrons.

IIl. EXPERIMENTAL RESULTS AND DISCUSSION

The C-V characteristic of SBDs on the ultra-thin InAIN
barrier DC heterostructure is shown in Figure 3. As can be
seen from Figure 3(a), the two-step-like appearance of the
two-channel heterostructure is obvious. Figure 3 (b) shows
the distribution of electron density versus depth in ultra-
thin InAIN barrier DC HEMTs calculated from the C-V
plot. The method can be found in [17]. The electron density
in the upper channel can achieve peak concentration up to
1.8x10% cm™3 while that in the bottom channel can achieve
peak concentration up to 0.45x 1020 cm™3.

To further investigate the microstructural properties of
the recessed ohmic contact, scanning transmission electron
microscopy (STEM) and energy-dispersive X-ray spec-
troscopy (EDS) were carried out. Figure 4(a) plots the
HAADF-STEM imaging of the ohmic contact region for
the recessed sample of DC heterostructure. Figure 4(b)-(h)
depict the EDX mapping of Ti, Al, Ni, Au, In, Ga, and N
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FIGURE 4. HAADF-STEM images of the recessed ohmic region for the
double-channel heterostructure. (b)-(h) EDX elements mapping of Ti, Al, Ni,
Ay, In, Ga, and N present in the ohmic contact region. (i) - (j) EDS Line scan
profile of line1-2 plotted in Fig. 4(a), respectively.

elements present in the ohmic contact region for the trenched
sample. It can be seen that the TiN inclusions penetrated the
upper GaN channel with the AlAu alloyed wrapping around.
Hence, it has been proved that the double channels can form
directly contact with the ohmic stack. In view of this, the
electrons in the double channels can be simultaneously con-
trolled. Figure 4(i)-(j) depict the elements distribution of Ti,
Al, Ni, Au, In, Ga, and N elements along with the line
1-2 marked in Fig. 4(a), respectively. As demonstrated in
Fig. 4(i), it can be further proved that the well-distributed TiN
inclusions with the Au-Al alloys wraps around formed at the
GaN channel layer [18], as well as the InAIN/GaN double
channel heterostructure has been proved from Fig. 4(j).
Figure 5(a) and 5(b) shows the transfer characteristics of
the ultra-thin InAIN barrier DC HEMTs with un-recessed
ohmic structure and recessed ohmic structure, respectively.
The distinct double-hump feature of the transconductance
obviously reflects the direct current behavior, which corre-
sponds to the bottom and upper 2DEG channels modulated
by different gate voltages (Vgs). For the device with an un-
recessed ohmic structure, there is larger hysteresis in the
bottom channel during the gate double sweep. In the gate
reverse sweep, the upper channel is in the off-state and only
the access region of the upper channel can provide additional
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FIGURE 5. Measured linear-scale transfer characteristics in ultra-thin
InAIN/GaN double channel HEMTs biased at drain voltage Vpg = 10V
with (a) un-recessed ohmic structure and (b) recessed ohmic structure.

injected electrons to the bottom channel. In the gate forward
sweep, the upper channel is in the on-state and the whole
upper channel can provide more additional injected electrons
to the bottom channel. At this time, the bottom channel can
provide more output current and then transconductance peak
of the bottom channel is higher than that of the upper chan-
nel. It indicates that the current growth rate in the bottom
channel exceeds the upper channel in the un-recessed ohmic
structure. For the device with the recessed ohmic structure,
there is no hysteresis in the transfer curve and the transcon-
ductance peak of the bottom channel is lower than that of the
upper channel. It indicates that the coupling effect between
the two channels is effectively suppressed.

To investigate the difference in transfer characteristics
of the ultra-thin InAIN barrier DC HEMTs without/with
recessed ohmic structure, multi-transfer curves under dif-
ferent drain voltages (Vpg) are measured and shown in
Figure 6(a) and 6(b). At Vps = 7 V, the drain currents of
devices with the un-recessed and recessed ohmic structure
are 1.05 and 0.97 A/mm, respectively. The device without the
recessed ohmic structure has a higher saturation drain cur-
rent than that with the recessed ohmic structure. It indicates
that the coupling effect between two channels can increase
the total drain output current.

Figure 6(c)-(d) shows the multi-transconductance curves
with different drain voltages in ultra-thin InAIN barrier
DC HEMTs with un-recessed ohmic structure and recessed
ohmic structure. The transconductance profiles of the two
kinds of devices are completely different. Due to the strong
coupling effect between two GaN channels in the device with
the un-recessed ohmic structure, a higher transconductance
peak appears in the bottom channel and a lower transconduc-
tance peak appears in the upper channel. However, the device
with the recessed ohmic structure shows different behaviors
in transconductance. It has a lower transconductance peak
in the bottom channel and a higher transconductance peak
in the upper channel. It further confirms that the recessed
ohmic structure can effectively suppress the coupling effect
of two channels

Figures 7(a) and 7(b) distinguish the drain current of the
bottom and upper channel at Vgs of 0 V extracted from
Fig. 6(a) and 6(b) for the InAIN/GaN double channel HEMT's
with/without recessed ohmic structure, respectively. When
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FIGURE 6. Measured linear-scale transfer characteristics in ultra-thin
InAIN/GaN double channel HEMTs with different drain voltages

in (a) un-recessed ohmic contact and (b) recessed ohmic contact.
Transconductance curve in ultra-thin InAIN/GaN double channel HEMTs
with different drain voltages in (c) un-recessed ohmic structure

and (d) recessed ohmic structure.
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FIGURE 7. Extracted drain currents of the bottom and upper channel
versus drain voltage at Vgg = 0V in ultra-thin InAIN/GaN double channel
HEMTs with (a) un-recessed ohmic structure and (b) recessed ohmic
structure. (c)-(d) Gated transmission line model (GTLM) characterizations
on Schottky gate ultra-thin InAIN/GaN double channel HEMTs with Lgp as
a variable.

the gate voltage increases from —10 to 0 V, the bottom
channel and upper channel of the double-channel device
are turned on gradually from bottom to top, as depicted in
Fig. 6(a) and 6(b). The drain current of the dual-channel
device increases at two different rates. In the first region
(=8 V < Vgs < —2 V): the bottom channel turns on and
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FIGURE 8. Measured peak of transconductance in the bottom and upper
channels versus drain voltage in ultra-thin InAIN/GaN double channel
HEMTs with (a) un-recessed ohmic structure and (b) recessed ohmic
structure.

the upper channel pinches off. At this time, the drain cur-
rent is completely supplied by the bottom channel. Therefore,
we extract the drain current when the gate voltage is near
—2 V as the maximum drain current of the bottom chan-
nel. The second region (Vgs > —2 V): The upper channel
begins to turn on, and the channel current is provided by
both the bottom channel and the upper channel. Therefore,
the maximum drain current of the upper channel is the out-
put current when the gate voltage is 0 V minus the drain
current when the gate voltage is —2 V. Compared with the
recessed ohmic structure, the un-recessed ohmic structure has
a higher maximum output current and smaller on-resistances.
For the un-recessed ohmic structure, the bottom channel
has a smaller on-resistance and the maximum output cur-
rent of the bottom channel is about three times larger than
that of the upper channel (@Vpg = 7 V). For the recessed
ohmic structure, the upper and bottom channels have similar
on-resistance and the maximum output currents in values.
It indicates that the coupling effect can reduce the chan-
nel parasitic resistance and increase the output current. The
suppression of the coupling effect by the recessed ohmic
structure will worsen the on-resistance and output current of
the device.

To evaluate the C2C electrical coupling in the ultra-thin
InAIN/GaN double channel heterostructures, Schottky gate
TLM characterizations were performed on a series of the
ultra-thin InAIN/GaN double channel HEMTs with no gate
recess. Here two bias regions are defined by setting Vs. In
region I, both two channels are turned on and are exploited
for conduction. In region II, only the bottom channel is
turned on, so the conduction in the access region depends on
the C2C coupling strength. From Figure 7 (c), the device with
the un-recessed ohmic structure exhibits similar Ry values
in the region I (288 ©2/0) and region II (357 €2/0). On the
contrary, the device with recessed ohmic structure exhibits
a much smaller Rgpee; value (293 €2/0) in the region I than
in region II (605 €2/0). Therefore, the device with the un-
recessed ohmic structure features strong C2C coupling while
that with the ohmic structure features much weaker C2C
coupling.

Figure 8(a) and 8(b) shows that the variation trend of
transconductance peak with drain voltages of ultra-thin
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InAIN barrier DC HEMTs with the un-recessed ohmic struc-
ture and recessed ohmic structure. For the un-recessed ohmic
structure, the transconductance peak exhibits a fast saturation
trend with the increase of drain voltage both in the bottom
channel and the upper channel. For recessed ohmic struc-
ture, the transconductance peak in the bottom channel has a
smaller saturation peak compared with the un-recessed ohmic
structure. Besides, the transconductance peak in the upper
channel increases rapidly, especially at high drain voltage. It
indicates that the ability of drain to collect electrons in the
upper channel of device with the recessed ohmic structure
is enhanced at high drain voltage.

Electric field distributions of devices with the un-recessed
ohmic structure and recessed ohmic structure using TCAD
simulation are shown in Figures 9 (a) and (b). The devices
are biased at Vgs = —1 V and Vpg = 7 V. The electric field
in the devices with the un-recessed ohmic structure is larger
than that in devices with recessed ohmic structure. Due to
the reduction of electric field strength by the recessed ohmic
structure, the electric field strength in the upper channel is
effectively weakened and the number of electrons injected
into the bottom channel is greatly reduced. Based on the
analysis above, we summarize the modulation mechanism of
the recessed ohmic structure on the electron coupling effect
between the two channels in the ultra-thin InAIN barrier DC
HEMTs [shown in Figures 9 (c) and (d)]. The fundamental
reason of C2C coupling modulation is the change of elec-
tron transport mode in the upper channel. For the un-recessed
ohmic structure, vertical transport is dominant compared to
lateral transport. For the recessed ohmic structure, the verti-
cal transport of electrons in the upper channel is effectively
suppressed and lateral transport is dominant.

The small-signal measurements were conducted using
Keysight E8363 network analyzer. The system was calibrated
using a short-open-load-through calibration standard [19].
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FIGURE 10. (a) fr and (b) fmax of the ultra-thin InAIN/GaN double
channel HEMTs with un-recessed ohmic structure and recessed ohmic
structure.

The measured current gain cutoff frequency (ft) and maxi-
mum power gain cutoff frequency (fmax) versus gate voltage
at the bias of Vpg = 10 V. Figures 10 (a) and (b) show the
gate voltage dependence values of fr/fmax in the ultra-thin
InAIN/GaN double channel HEMTs with the un-recessed
ohmic structure and recessed ohmic structure. The fr/fmax
can be expressed as [20]:

- &m
fr= 27C, 1)
Jr

fmax ~ (2)
Ri+R+R
2/ - rfpRyCaa

where gn is transconductance and Cy/Cgq is gate
capacitance/gate-drain depletion capacitance, while R;, R,
Ry, and Ry, represent the gate-charging, source, gate, and
output resistance, respectively. From equation (1), the curve
of gm versus Vs determines the curve of ft versus Vgs.
Meanwhile, fmax has a positive correlation with fr (from
equation (2)). Thereby, the gate voltage dependence char-
acteristic of fiax is similar to the transconductance curves
biased at Vps = 10 V with the un-recessed ohmic struc-
ture and recessed ohmic structure. However, the reduced
Rgs caused by the turn-on of the upper channel when Vgg
increases lead to the degeneration of fp,x. It indicates that
the coupling effect of the two channels will play a major
role in influencing the characteristics of fT/fmax versus Vgs
and we can modulate the characteristics of fr/fmax versus
Vs by recessed ohmic structure.

Figure 11(a) shows Mason’s unilateral gain U against
frequency for the ultra-thin InAIN/GaN double channel
HEMTs with un-recessed ohmic structure and recessed
ohmic structure at Vpg = 20 V and Vgs = —5.7 V/—1 V.
Under the Vpg = 20 V and Vgs = —5.7 V, a high gain
at 3.6 GHz is realized in the un-recessed ohmic structure
(due to the high transconductance peak in the bottom chan-
nel), which is about 0.7 dB higher than that of the recessed
ohmic structure. However, a high gain at 3.6 GHz under the
Vps = 20 V and Vgs = —1 V is realized in the recessed
ohmic structure (due to the high transconductance peak in
upper channel) which is about 0.5 dB higher than that of
the un-recessed ohmic structure.

VOLUME 10, 2022

20

0r unrecessed ohmic structure
- recessed ohmic structure

r . 2
|~ unrecessed ohmic structure
|~ recessed ohmic structure

Vgs =57V, Vpg = 20V Vs =-1.0V, Vg =20V

\ 27.9 GHz

100 1 10 100

o

Mason's U Gain (dB)
o

Mason's U Gain (dB)

1
Frequency (GHz)
(a)

Frequency (GHz)
20 30 20 — 30
o — unrecessed ohmic structure | E — unrecessed ohmic structure [}
o —— recessed ohmic structure o —— recessed ohmic struct, U
15 1B _Es %~
S ES lza..._ E
= T 208 = 208
© - S ® So S
c S zs < g) 10 S ol
5 TR {1508k, i;1sll3
4] b @
= o 5 =- =
E Vs =-5.7V, Vpg = 20V 10 S Vos =10V, Vps =20V 10
-
(b) 3.6GHz CW . (c) 3.6GHz, CW ;
0 5
0 5 10 15 20 0 5 10 15 20
P,, (dBm) P,, (dBm)

FIGURE 11. (a) Mason'’s unilateral gain U against frequency for the
ultra-thin InAIN/GaN double channel HEMTs with un-recessed ohmic
structure and recessed ohmic structure at Vpg =20 V and

Vgs = —5.7 V/—1 V. Continuous wave load-pull measurements of the
ultra-thin InAIN/GaN double channel HEMTs with unrecessed ohmic
structure and recessed ohmic structure bias at (b) Vgg = —5.7 V,

VDS =20V and (C) VGS =-1V, VDS =20V.

Figures 11 (b) and (c) depict the corresponding large-
signal power performance of the un-recessed ohmic structure
and recessed ohmic structure was measured at 3.6 GHz with
the Maury load-pull system. The transistors for both sam-
ples were biased at the class-AB condition at Vpg = 20 V.
Due to the high gain of the bottom channel (C2C cou-
pling modulation) in un-recessed ohmic structure biased at
Vs = —5.7 V, the output power and associated gain have
also been increased to 27.25 dBm and 7.25 dB, while for
the recessed ohmic structure are 26.66 dBm and 6.67 dB,
respectively. Owing to the high gain of the upper channel
in recessed ohmic structure biased at Vgs = —1 'V, the out-
put power and associated gain have also been increased to
28.02 dBm and 8.01 dB, while for the un-recessed ohmic
structure are 27.38 dBm and 7.39 dB respectively. It is
observed that the ohmic structure in InAIN/GaN double
channel HEMTs has a significant effect on large-signal char-
acteristics and is quite attractive for the fabrication of wide
gate swing power microwave GaN-based HEMTs.

IV. CONCLUSION

In summary, the impact of ohmic structure on the C2C
coupling effect in ultra-thin InAIN barrier DC HEMTs is
investigated in this work. The C2C coupling effect between
two GaN channels can modulate the carrier transport mech-
anism. Vertical transport of electrons plays a leading role in
the un-recessed ohmic structure, which results in high satu-
ration current and small on-resistance. For devices with the
recessed ohmic structure, the vertical field strength is reduced
so that vertical transport of electrons is suppressed while lat-
eral transport is dominant. The coupling effect of the two

479
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channels influences a lot on the characteristics of fT/fmax
versus Vgs and the large-signal characteristics, which is
quite attractive when target fabricating power microwave
GaN-based HEMTs with wide gate swing.
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