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ABSTRACT Third quadrant operation is vital for power applications such as synchronous DC-DC converters
and inverters, which require a low drain-source voltage drop to reduce conduction losses. However, typical
gallium nitride (GaN) transistors have a higher voltage drop when the gate is off. To address this issue,
we propose a dual-gate high-electron-mobility transistor (HEMT) to enhance reverse conduction. The device
is modulated by the main gate electrode adjacent to the source, while a fixed bias is applied on the auxiliary
gate electrode near the drain contact. We achieve a reverse conduction voltage as low as —0.16 V and 89.03
% lower reverse conduction power loss with the proposed device structure. The results can be explained by
a freewheeling path between the drain electrode and the auxiliary gate, which enables effective dissipation

of the stored charges.

INDEX TERMS Dual-gate (DG) structure, GaN, HEMT, reverse conduction.

I. INTRODUCTION

Low-loss switches with a strong reverse blocking capa-
bility are desired in power electronic systems. GaN-based
high-electron-mobility transistors (HEMTs) possess a high
off-state breakdown voltage (VgRr), low on-state resistance,
and high-switching speed, making them one of the favored
candidates for compact and high-efficiency power applica-
tions [1], [2], [3]. Generally, the reverse conduction path is
required in the low-side transistor for typical power con-
version to avoid a large voltage drop in power-switching
circuits, such as AC-DC inverters and DC-DC converters at
the off-state. For silicon (Si) and silicon carbide (SiC) power
transistors, the body diode inherently exists to ensure the
release of the stored charges at the off-state. However, there is
no body diode in a planar structure AlGaN/GaN HEMTs. As a
result, when GaN HEMT is adopted for DC-DC converters,
the transistor is usually paired with an external diode to
allow reverse conduction current flow at the off-state to help
dissipate the stored charges. For example, the GaN transistors
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were connected with the intrinsic body diode of Si metal-
oxide-semiconductor field-effect transistor (MOSFET) het-
erogeneously [4], [5], [6] or with the Si Schottky barrier
diodes (SBDs) in the backside of Si substrate [7]. There
were methods to avoid the parasitic effects [8] of the hetero-
geneous wire connection by monolithically fabricating GaN
HEMTs and reverse current conduction components. The
GaN transistors can be integrated with a lateral rectifier [9] or
a GaN-based built-in diode in the source contact [10], [11],
[12]. In addition, an RC-HEMT (reverse-conduction HEMT)
with integrated tri-anode SBDs was demonstrated [13] to
provide a sufficient freewheeling capability for reverse con-
duction. There was also a device simulation on establishing a
freewheeling path of the reverse current between the second
gate deposited on a regrown p-GaN and the drain [14]. The
above approaches exhibited good reverse conduction charac-
teristics with the reverse turn-on voltage between —0.46 and
—1 V under a reverse drain current of 1 mA/mm from the
3" quadrant current-voltage curves. However, some of the
above approaches include extra diodes or additional steps
of material regrowth, making the fabrication of low-reverse
conduction transistors complicated.
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FIGURE 1. The schematic cross-sectional structure of an SG-HEMT (a) and
DG-HEMT with a recessed gate on the left (b) and right (c). (d) OM image
of the DG-HEMT. The red frame indicates the mesa region.

Previously, we demonstrated that the DG GaN HEMTs
could effectively suppress the current collapse phe-
nomenon [15]. The fixed voltage at the additional gate elec-
trode attracts extra electrons to compensate depleted carriers
due to current collapse. Since the introduction of DG affects
the carrier re-distribution in the channel, the induced carrier
may provide a freewheeling path of current flow at off-state.
That is, additional carriers may accumulate in the channel,
resulting in the earlier turn-on of the device from the off-state.
In this work, we designed DG-HEMTSs and characterized
their reverse conduction behaviors. Unlike employing the 2nd
gate as the source field plate [10], [11], gate bias voltages can
be separately applied on these two gate electrodes, allowing
the flexibility of adjusting the reverse current flow across
gate electrodes. Our results demonstrate a lower reverse
conduction turn-on voltage for power-switching applications.

Il. DEVICE FABRICATION

Fig. 1(a) - (c) shows the schematic illustrations of a single-
gate (SG) and a DG AlGaN/GaN HEMT. The SG-HEMT
in Fig. 1(a) is a trench gate structure for baseline reference.
The gate length, Lg, and width, Wg, are 5 and 80 wum,
respectively. For a DG-HEMT, the distance between the left
gate (Gr) and the source electrode, Lgy s, is 4 pm; the right
gate (GRr) and the drain electrode, Lgr—p, is 9 um; and G,
and G is 5 um. As shown in Fig. 1(b) and (c), the recessed
GL and Gr having a footprint of 3 um is denoted as “main
gate” and is used to modulate (drive) the device.

The epitaxy layer structure grown on the Si substrate
consists of a nucleation layer, 4 um-thick Carbon-doped
(C-doped) GaN buffer layer, 0.3 m un-doped GaN channel,
20 nm AlGaN layer with a 25% Al content, and 3 nm GaN cap
layer. The device fabrication started with mesa isolation by
inductively coupled plasma reactive-ion etching (ICP-RIE)
using a gas mixture of BCl3 and Cl, with an etching depth
of around 200 nm. The gate recessed region was defined by
ICP-RIE with a depth of around 13 nm. Next, source and

VOLUME 11, 2023

drain ohmic contacts, Ti/Al/Ni/Au (25/125/50/125 nm), were
evaporated, followed by rapid thermal annealing (RTA) at
900 °C for 30 s in N, ambient. The Ni/Au (20/300 nm) Schot-
tky gate was then deposited. All the samples were fabricated
simultaneously on the same wafer.

Ill. RESULTS AND DISCUSSION

The Ips-Vgs (drain current — gate voltage) transfer curves of
the SG-HEMT and DG-HEMT with the drain voltage (Vps)
fixed to 5 V are shown in Fig. 2(a). For the DG-HEMT, “Gg -
drive/Gr-bias” means a gate bias is applied on the electrode
of Gr to modulate (drive) the device, while Gr is applied by
a fixed bias to replenish carriers depleted by the recessed gate
(Gp) in the channel. In such a case, Gr, is the “main gate”,
while Gr is considered the ““‘auxiliary gate’’. The SG-HEMT
exhibits a normally-off operation with a threshold voltage
(Vrn) of 1.07 V. For the DG-HEMT, when the auxiliary
gate voltage, VGr_aux. 1s biased at 0 and +1 V, the Vry is
1.02 and 1.12 V, respectively (under the Gp -drive). Ideally,
the threshold voltage of the SG-HEMT and the DG-HEMT
w/VGR_aux = 0 V should be the same, but there are small
variations in the gate recess depth among devices. In forward
conduction, the output characteristics of the SG-HEMT and
the DG-HEMT with Vgr_aux biased at 0 and +1 V are shown
in Fig. 2(b), (c) and (d), respectively. For a DG-HEMT, the
saturation current level at a high main gate bias is lowered
than that of an SG-HEMT. It is mainly because the VGr_Aux
limits the 2DEG carriers underneath the auxiliary gate. For
switching power operations, one of the critical parameters,
channel on-resistance (Ron(fwa)), 1s less affected. Ron(fwd) of
the SG-HEMT and DG-HEMT with Vgr_aux of O and 41V
is 22.34,27.73, and 24.83 Q- mm, respectively, at Vgg = 3V.
The increase of Ron(twd) of the DG-HEMT can be explained
by the decrease of channel carriers underneath the auxiliary
Schottky gate electrode [16].

The breakdown voltage (VgRr) of the devices is next exam-
ined. By applying Vgs at —2V (off-state) and auxiliary gate
at 0 and +1 V, the Ips-Vps curves of the SG-HEMT and the
DG-HEMT with “Gyp-drive/Ggr-bias” are shown in Fig. 3.
At the defined breakdown current level of 1 mA/mm, Vggr
of SG-HEMT is measured to be 770 V. In contrast, for
DG-HEMT with VGgr_aux = 0 and + 1 V on Gg, the Vpr
are 817 and 863 V, respectively. The inset illustrates the
distribution of measured breakdown voltage for 3 devices of
each type. The Vpr of SG-HEMTs is within the range of
650 to 800 V, while for DG-HEMTs w/ Vgr_aux = 0 and
+ 1V, the ranges are 750 to 850 V and 850 to 950 V,
respectively. Compared to the SG-HEMT, the slightly larger
VR of the DG-HEMT is attributed to the metal ring effect to
suppress the electric field intensity underneath Ggr (the gate
electrode near the drain side) [16], [17], [18], [19]. Moreover,
as we compare the breakdown voltage of the DG-HEMT
with VGr aux = 0 or 1 V, the major difference lies in the
amount of 2DEG carriers underneath the auxiliary gate. For
the device with the 2DEG carriers attracted under a positive
auxiliary gate voltage, the increase of drain voltage first
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FIGURE 2. (a) Transfer curves of an SG-HEMT and a DG-HEMT with the
G, -drive/Ggr-bias (VGr aux = 0 and +1 V) configuration. The Ip-Vp
modulation curves of (b) an SG-HEMT, (c) a DG-HEMT with

Gy -drive/Gg-bias (Vgr aux = 0 V), and (d) a DG-HEMT with

G, -drive/Gg-bias (VGr aux = +1 V) in forward-conduction mode.

depletes channel carriers before building up an electric field
in the auxiliary electrode. Thus, the breakdown phenomenon
occurs at a higher drain voltage in the case of 1V auxiliary
gate voltage. Moreover, the surface leakage current increases
with a higher auxiliary gate voltage because of larger 2DEG
carriers and the induced surface states. It explains a higher
leakage current when VGRr_aux increases from 0 to 1V.

The reverse conduction turn-on voltage, Vsp(where Vgp is
equivalent to —Vpg), is a parameter for evaluating the device
performance in the third quadrant. Due to the inherent reverse
conduction capability, the current also conducts when the
device is switched off. The device acts like a diode in the third
quadrant, in which Vgp is determined from the drain voltage
at a given constant drain current value of —1 mA/mm [20],
[21]. In order to understand how the DG device structure
affects the reverse conduction properties, we next measured
the third-quadrant current-voltage (Ips-Vps) curves. Fig. 4.
shows the plot of the output characteristics of the SG-HEMT
and the DG-HEMT with “Gyp-drive/Gr-bias” and “Ggr-
drive/Gp -bias” in the third quadrant. At the reverse on-state,
the SG-HEMT exhibits a relatively higher Vgp of 6.58 V (at
Ips of —1 mA/mm and Vgs of —6 V), shown in Fig. 4(a).
For the “Gp-drive/Ggr-bias”™ case, it can be observed that
the Vgp shifts from 2.22 to 0.16 V when the auxiliary gate
bias increases from 0 to 4+1 V, shown in Fig. 4(b) and (c).
SG-HEMT shows typical third quadrant electrical properties
of GaN-based HEMTs in which I-V curves are distinctively
dependent on the applied gate voltage. A lower drain current
is obtained when the gate bias is more negative. On the other
hand, for a “Ggr-drive/Gp -bias’’ DG-HEMT, the channel is
conducting at a low absolute value of drain voltage, even at a
more negative gate voltage. The I-V curves are more closely
overlapped when VGRr_aux is applied with 41 V, as compared
with a case with Vgr_aux of O V. It suggests that higher
current conduction can be obtained when the auxiliary gate
is more positively biased.
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FIGURE 3. (a) Breakdown voltage measurement of the SG-HEMT and
DG-HEMT with G -drive/Gg-bias. The inset shows the distribution of
measured breakdown voltage of three types of device.
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FIGURE 4. Reverse Ipg-Vpg curves of an SG-HEMT (a), a G, -drive/Gg-bias
DG-HEMT with VGR_AIIX of 0V (b) and VGR_AUX of +1V (c). (d) A
Gg-drive/Gy -bias DG-HEMT with Vg 5,x of O V.

For comparison, when the DG-HEMT is in a “Gg-
drive/Gp -bias” configuration, shown in Fig. 4(d), the reverse
output characteristic is similar to that of SG-HEMT, suggest-
ing the reverse current conduction is limited. In Fig. 4(d), Vsp
is 6.67 V, close to the value of the SG-HEMT. It indicates
that the DG-HEMT with a ““Gr-drive/Gp_-bias” configuration
does not possess a freewheeling path to dissipate the stored
energy appropriately in the reverse direction.

The main gate and auxiliary gate currents were next
extracted to understand the current flow paths. Fig. 5(a)
shows the measurement setups of DG-HEMTs with “G-
drive/Gr-bias” (upper graph) and ‘‘Gr-drive/Gp-bias”
(lower graph). The auxiliary gate currents are demonstrated in
Fig. 5(b), (¢), and (d) for DG-HEMTSs with Vgr_aux 0of 0 V,
VGr_ aux Of 1V, and Vg, aux of 0V, respectively. For the
“GL-drive/Gr-bias™ case, Igr_aux decreases from a higher
current level when Vgs increases from —6 V, while the
IGL_Aux in “Ggr-drive/Gp-bias” is kept at a relatively lower
value. As we compare Fig. 5(b)~(d) with Fig. 4(b)~(d), the
reverse conduction drain current of Gy -drive/Gr-bias’ case
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FIGURE 5. (a) Schematic diagram of the DG-HEMT with

"Gy -drive/Gg-bias” (upper graph) and “Gg-drive/G, -bias” (lower graph)
for gate current measurements. The auxiliary gate current profiles
(IGS-VDS) of a DG-HEMT with the (b) GL-drive/GR-bias (VGR Aux = 0 V)

(c) G -drive/Gg-bias (Vggr aux = + 1V) and (d) Gg-drive/G -bias

(VgL Aux = 0 V) configurations. The main gate current profiles (Igs-Vps) of
(e) an SG-HEMT, a DG-HEMT with the (f) G, -drive/Gg-bias (Vgr aux = 0
V), (g) G -drive/Gg-bias (Vg aux = + 1V) and (h) Gg-drive/G, -bias

(VgL Aux = 0 V) configurations.

at lower main gate bias is contributed to the freewheeling cur-
rent flow across the auxiliary gate electrode. The reverse drain
current is significantly lower for the “Gr-drive/Gp-bias”
case because the main gate negative voltage depletes 2DEG
carriers and suppresses the current in the right auxiliary gate.

The main gate current distribution profiles of the SG- and
DG-HEMTs are shown in Fig. 5(e)-(h). For the SG-HEMT,
Fig. 4(a) and Fig. 5(e) suggest that the reverse conduction
drain current mainly flows across the gate, which increases
only when the Schottky gate-2DEG diode becomes con-
ducting. As for the DG-HEMT with “Gg -drive/Gr-bias”,
the main gate current behaves differently from the auxil-
iary gate when Vg increases. With the increase of main
gate bias, Vgs, from around —3V, the auxiliary gate current
decreases while the main gate current increases. The main and
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FIGURE 6. Comparison of estimated forward and reverse conduction loss
of an SG-HEMT and a DG-HEMT at Vgg pyx =0 and 1 V.

auxiliary gate current flows ensure drain current conduction
for DG-HEMTs in Fig. 4(b) and (c). As for a DG-HEMT
with “Gr-drive/Gp -bias”, the main gate flow is similar to an
SG-HEMT.

Generally, the total switching power loss compromises
the switching and conduction loss (P,nq4). The latter can be
further categorized as the forward conduction loss (Pfys) and
reverse conduction 1oss (Pyey), in which Ppyq is represented
by [22]

Ppua = Ips * Ronwa) ¢y

and P, by [23]
Py = ISZD X Ron (rev) +Isp X Vsp )
where Isp = —Ips and Ronev) 1s the channel resistance at

the reverse conduction mode.

The RoN(rev) of the SG-HEMT, the DG-HEMT at VGr_aux
of 0 Vand 1V, is 20.03, 14.16 and 13.67 2- mm, respectively,
as extracted from the Fig. 4 at Vgg = —6 V. Assuming the
operating drain current of 50 mA/mm, the forward conduc-
tion loss is calculated to be 55.85, 69.33 and 62.08 mW/mm,
respectively, of an SG-HEMT, a DG-HEMT at Vgr_aux of
Oand 1 V.

Fig. 6 summarizes the conduction loss of the devices in
the forward and reverse modes. Although the DG-HEMT
possesses ~11-24% higher on-resistance and thus a higher
forward conduction loss, the reverse-conduction loss is
significantly reduced by 89.03 % for a DG-HEMT with
VGRr_Aux Of 1V, and the corresponding P4 is decreased by
76.34 %. The reverse conduction loss is less severe when the
off-state gate bias is higher. As shown in Fig. 6, at Vgg =
—2V, the reverse conduction loss of an SG-HEMT becomes
176.15 mW/mm, which, however, is still 4.74 times higher
than that of the DG-HEMT at Vgr_aux of 1 V.

We next explain the physical mechanism of reverse con-
duction based on carrier transport. The operation principle
of the DG-HEMT can be understood from the carrier distri-
bution schematically drawn in Fig. 7. When the device with
“Gr-drive/Ggr-bias” is at the off-state and Vp is under a
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TABLE 1. Comparisons of GaN HEMT electrical properties and the third
quadrant performance.
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negative bias, electrons under Gp, are depleted. A conduction
path is formed between the negative voltage drain electrode
and Gr (0O or +1 V in our case) (see Fig, 7(a)). In addition, the
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depleted region under Gi, can be considered a resistive path.
In such a case, the DG-HEMT can be modeled as a transistor
in series with a resistor at the off-state (see the right side
of Fig. 7(a)). On the other hand, when the device is driven
by Gr and an additional bias is applied on Gt, i.e., “Ggr-
drive/Gp -bias” (with the results in Fig. 4(d)), the depleted
region underneath G is highly resistive (see Fig. 7(b)). The
reverse conduction current is thus limited by the resistivity of
the depleted region under Ggr. The reverse conduction occurs
when the drain bias is more negative than the gate bias, which
explains a higher Vsp in Fig. 4 (a) and (d).

A summary of research works on enhancing the reverse
conduction of GaN HEMTs is listed in Table 1. Our
DG-HEMT with “Gp-drive/Gr-bias” demonstrates a supe-
rior Vgp performance than other HEMTs with a built-in
diode. Although gate recess needs optimization to reduce
channel on-resistance, Ron, our DG-HEMT can be applied
to future power electronics such as an AC-DC inverter which
requires a low Vgp to reduce power loss, improve conversion
efficiency and achieve faster switching speed.

IV. CONCLUSION

A DG HEMT structure with a separate auxiliary gate bias is
proposed to enhance reverse conduction. The improvement of
Vsp is mainly attributed to the formation of the conduction
path across the additional Schottky gate contact between gate-
drain electrodes. For the “Gp -drive/Ggr-bias” case, when a
main gate bias is applied on G, and a positive bias on Gg,
a freewheeling path is formed between the drain electrode
and the G to dissipate the stored charges effectively. A Vsp
as low as —0.16 V was obtained at Vg of —6 V and Gg
bias of 41 V, which resulted in the significant reduction of
Prev by 89.03 %. Finally, a circuit model that illustrates the
conduction path of the DG-HEMT was utilized to explain the
reverse conduction of the proposed devices.
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