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Abstract A novel three-dimensional hole gas (3DHG) enhancement-mode (E-mode) heterostructure field-

effect transistor (HFET) is proposed and investigated. It features back-to-back graded AlGaN (BGA) barrier

layers consisting of a positive-graded AlGaN layer and a negative-graded AlGaN layer, which form polariza-

tion gradient and subsequently induce the three-dimensional electron gas (3DEG) and 3DHG in the positive-

and negative-graded AlGaN layers, respectively. The source and drain are located at the same side of the

metal-insulator-semiconductor (MIS) trench gate, and the source is in contact with the HfO2 gate insulator.

First, the on-state current is significantly improved owing to the high-density 3DEG in the positive-graded

AlGaN. Next, the vertical conductive channel between the source and 3DEG is blocked by the 3DHG, thereby

realizing the E-mode. The threshold voltage (Vth) can be modulated by a partial doping conductive channel.

Subsequently, a high breakdown voltage (BV) is obtained, because the polarization junction formed by the

polarization charges assists in depleting the drift region in the off-state. Next, the BGA-HFET is smaller than

the conventional HFET (Con-HFET) owing to the special location of the source. The BV of the proposed

HFET sharply increases to 919 V from 39 V of the Con-HFET with the same gate-drain spacing, and the

saturation drain current is increased by 103.5%.
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1 Introduction

Owing to their superior material properties and great prospect in the next-generation microwave power

amplifiers and high-voltage switches applications, GaN-based heterostructure field-effect transistors

(HFETs) have attracted substantial research attention [1–4]. The two-dimensional electron gas (2DEG)

is the foundation of the abrupt GaN HFETs [5]. Consequently, the conventional AlGaN/GaN HFET

(Con-HFET) is of depletion mode (D-mode) intrinsically although the enhancement mode (E-mode) is

desired strongly for power electronic applications. To achieve an E-mode operation, numerous techniques

have been proposed [6–11]. These conventional E-mode techniques are realized by depleting the 2DEG

under the gate, which will inevitably lead to the contradiction between high threshold voltage (Vth) and

large saturation drain current (Id,sat).

The critical breakdown electric field (E-field) of GaN is ten times that of silicon [12]. However, the

breakdown voltage (BV) of GaN HFETs is far lower than its theoretical limit currently. One important

reason is that the E-field crowding at the gate edge leads to premature breakdown in the off-state. To
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address this issue, several technologies have been employed, including the field plate (FP) [13], RESURF

technique [14], and polarization junction concept [15, 16]. However, the introduction of the FP will

increase the parasitic capacitance. The other methods may induce significant negative impact on the

on-state performance.

The graded AlGaN/GaN heterostructures have attracted much interest over the last decades [17–23].

Unlike the conventional abrupt AlGaN/GaN heterostructures, the 2DEG formed at the AlGaN/GaN

interface extends to a three-dimensional electron profile across the graded AlGaN region significantly.

Li et al. [21] reported a polarization-induced pn-junction with neither the p-type dopant nor the n-type

dopant, and its breakdown voltage (34.1 V) was almost as high as the regularly doped GaN pn-junction

(36.7 V). Fang et al. [22] demonstrated a D-mode polarization-doped field-effect transistor (PolFET)

based on graded AlGaN epilayers. However, limited work has been performed on three-terminal GaN

POWER devices with symmetrically graded AlGaN.

Herein, a novel three-dimensional hole gas (3DHG) E-mode HFET with back-to-back graded AlGaN

(BGA-HFET) is proposed and its on-state as well as off-state electrical performances are investigated

by simulation. The proposed BGA-HFET features the symmetrically graded AlGaN structure and spe-

cial location of the source. The three-dimensional electron gas (3DEG) and 3DHG are induced in the

positive- and negative-graded AlGaN layers, respectively. Benefiting from the assisted depletion effect of

polarization junction and the high-concentration 3DEG in the positive-graded AlGaN, the BV and Id,sat
of the BGA-HFET are significantly improved. A new E-mode operation is also achieved by utilizing the

3DHG to block the vertical conductive channel between the source and 3DEG. In addition, an adjustable

Vth and large transconductance are obtained in the new structure.

2 Device structure and mechanism

Figure 1(a) is the schematic cross section of the proposed BGA-HFET [24]. The HFET features back-to-

back graded AlGaN barrier layers. The aluminum (Al) composition linearly increases from 0 to xAl for

the positive-graded AlGaN and subsequently decreases from xAl to 0 through the negative-graded AlGaN

in the vertical direction, as shown in Figure 1(b). The xAl represents the maximum Al composition at

the positive-/negative-graded AlGaN interface, and d represents the thickness of each graded AlGaN

layer. The GaN-top layer is disposed on the negative-graded AlGaN. The MIS trench gate extends into

the GaN buffer layer. The source and drain located at the same side of the MIS trench gate form an

Ohmic contact with the GaN-top layer and positive-graded AlGaN layer, respectively. The source is in

contact with the HfO2 gate insulator to form a vertical channel. The N region under the source is used

to regulate Vth, with doping concentration Ns. The drain and the negative-graded AlGaN are isolated

by a gap to avoid the migration of the hole leakage current from the drain to the gate. The X and Y

directions are shown in Figure 1(a).

Unlike the abrupt AlGaN/GaN heterojunction, a linearly graded AlGaN layer spreads the polarization

sheet charges into three-dimensional polarization volume charges as demonstrated in Figure 1(c), and

is expressed by NPol
D (z) = ∇ · P = [P (z0) − P (0)]/z0 as mentioned in [17]. Hence, to neutralize the

fixed polarization charges, the 3DEG and 3DHG are induced in the positive- and negative-graded AlGaN

layers, respectively.

The 3DHG blocks the vertical conductive channel between the source and 3DEG, thereby achieving a

new E-mode operation. It is different from the traditional E-mode methods by depleting the 2DEG under

the gate, which demands a tradeoff relationship between a high Vth and large Id,sat. For the BGA-HFET,

in the on-state, the 3DHG along the sidewall of the trench gate is depleted and the electrons accumulation

layer (EAL) is subsequently formed, providing a source-EAL-3DEG electron current path. The on-state

current is prominently improved owing to the high-concentration 3DEG in the positive-graded AlGaN. It

is noteworthy that the gradient of the Al composition is symmetrical in the positive- and negative-graded

AlGaN. Consequently, the polarization junction meets the charge balance condition and has a similar

effect as a RESURF or superjunction (SJ) in silicon [25, 26]. During the off-state period, a flat E-field
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Figure 1 (Color online) (a) Schematic cross section of the BGA-HFET in the on-state; (b) expansion of back-to-back

graded AlGaN and diagram of Al composition; (c) polarization charges created by graded AlGaN.

distribution can be achieved between the trench gate and drain owing to the assisted depletion effect

caused by the polarization junction. Consequently, the BV of the BGA-HFET is significantly enhanced.

The back-to-back graded AlGaN could be epitaxially grown by metal organic chemical vapor deposition

(MOCVD) or molecular beam epitaxy (MBE) on the Ga-face (0111) GaN buffer layer [20,21,27,28]. The

feasible processing steps of the BGA-HFET will be discussed at the end herein. The HfO2 thickness is

10 nm, the gate length (Lg), and source length (Ls) are both 0.5 µm; the drain length (Ld) is 1 µm,

and the gate-drain spacing (Lgd) is 5.5 µm. The thickness of the GaN-top layer with an n-type doping

concentration of 1×1015 cm−3 is 20 nm. Further, a 1.5-µm-thick GaN slightly n-type doped (NB=1×1015

cm−3) buffer layer was grown on the sapphire substrate. The net acceptor (deep level) density in the buffer

layer is set to be 1.5×1016 cm−3 and the energy level is 0.45 eV below the conduction band minimum [29].

The electron mobility at the AlGaN/GaN buffer layer heterointerface is assumed to be 925 cm2/(V·s) for

the BGA-HFET and PolFET [19], while 1500 cm2/(V·s) for the Con-HFET, and 300 cm2/(V·s) at the

MIS trench gate interface for the three devices [30].

The physical mechanism is analyzed based on the 2D Sentaurus TCAD by Synopsys. The hydrody-

namic transport equations are adopted in simulations. Several important physical models such as the

avalanche ionization, bandgap narrowing, high field saturation, doping dependence, and Shockley-Read-

Hall and spontaneous polarizations are also accounted.

3 Result and discussion

Figure 2 shows the electron density distributions of the BGA-HFET at different Vg. The 3DEG and 3DHG

are induced in the positive- and negative-graded AlGaN layers, respectively. In this paper, d = 100 nm and

xAl = 0.4 are fixed unless otherwise specified, and the doping concentration of Ns is set as 8×1016 cm−3.

In Figure 2(a), at Vg = 0 V, the electron current path between the source and 3DEG is effectively blocked

by the 3DHG, thereby realizing the E-mode. However, when Vg = 4 V, the 3DHG along the trench gate

side is depleted and EAL is formed, as demonstrated by the blue dash rectangle in Figure 2(b); thus, the

electrons could flow via the source-EAL-3DEG current path.

Figure 3 illustrates the conduction band profile along the gate sidewall at different Vg. Y = 200 nm is
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Figure 2 (Color online) Electron density distributions of BGA-HFET around the MIS trench gate and source region at

(a) Vg = 0 V and (b) Vg = 4 V.
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Figure 3 (Color online) Conduction band profile along the gate sidewall at different Vg.

the positive-/negative-graded AlGaN interface. At Vg = 0 V, the conduction band of the whole positive-

/negative-graded AlGaN is above the Fermi level, indicating no accumulated electron and no current

path. With the increasing gate voltage, the conduction band is pulled down. When Vg = 2.19 V, the

peak of the conduction band keeps flushing with the Fermi level. When Vg > Vth (e.g., Vg = 4 V), the

conduction band is lower than the Fermi level, the EAL is formed, connecting the source to the 3DEG

electron current path.

A PolFET and abrupt AlGaN/GaN heterostructure (i.e., the Con-HFET) are simulated for comparison,

and their schematic cross sections are shown in Figure 4(a) and (b), respectively. The Con-HFET and

PolFET have the same Lg, Ld, and Lgd as the BGA-HFET. In the BGA-HFET, the conduction band

in most of the positive-graded AlGaN and the valence band in the negative-graded AlGaN are slightly

lower than the Fermi level. Consequently, in the Y direction, the BGA-HFET not only has a high-density

3DEG (∼2×1018 cm−3) in the wide range of the positive-graded AlGaN, but also has an equal profile

of 3DHG through the negative-graded AlGaN, as shown in Figure 5(a). To compare the PolFET with

the BGA-HFET, the 200-nm-thick back-to-back graded AlGaN for the BGA-HFET is replaced by a 100-

nm-thick positive-graded AlGaN. The potential well of the conduction band of the PolFET is shallow

with a wide distance. Consequently, a constant 3DEG across the graded AlGaN is generated as shown in

Figure 5(b). However, a deep well-defined triangular potential well and high 2DEG density (maximum

value ∼4×1019 cm−3) are observed in the Con-HFET structure owing to the polarization discontinuity,

as shown in Figure 5(c).
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Figure 4 (Color online) Schematic cross section of the (a) PolFET and (b) Con-HFET.
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Figure 5 (Color online) Energy band profiles and carrier concentration distributions of (a) BGA-HFET, (b) PolFET,

(c) Con-HFET.

Figure 6 shows the transfer characteristics and transconductance (gm) at Vd = 0.5 V. The PolFET

and Con-HFET are designed to achieve the same Vth as the BGA-HFET by partially etching the AlGaN

barrier layer under the gate, as shown in Figure 4. A larger drain current (Id) is obtained in the BGA-

HFET owing to the high-concentration 3DEG in the positive-graded AlGaN. The formula for gm is

expressed by

gm =
ZµnCOX

LCH
VDS , (1)

where LCH is the channel length and Z is the channel width. The effective channel length of the BGA-

HFET is 0.1 µm (i.e., the length of controlled hole layer in the negative-graded AlGaN, similar to the

inversion-layer channel length of the p-body in Si MOSFET) while that of the PolFET and Con-HFET

are 0.5 µm (the gate lateral length), which results in the gm of BGA-HFET being much higher than that

of the other two devices according to formula (1). The I-V output characteristic curves are shown in

Figure 7. By integration, the electrons sheet density of the BGA-HFET, PolFET, and Con-HFET are

1.17×1013, 1.23×1013, and 5.07×1012 cm−2 (which determine the drift region resistance of the power

devices), respectively. Consequently, the saturation drain current (Id,sat) of the BGA-HFET is increased

by 103.5% in comparison with that of the Con-HFET, whereas it has a slight decrease compared with

that of the PolFET owing to the depletion effect between the 3DHG and 3DEG in the positive-/negative-

graded AlGaN interface. However, the Ron,sp (resistance × area) of the BGA-HFET is less than that of

the PolFET, because the BGA-HFET is smaller and subsequently its Ron,sp is only 0.31 mΩ·cm2.

Figures 8 and 9 compare the E-field distributions and the 2D equipotential line distributions at break-

down for the three devices. For the BGA-HFET, the depletion region is extended to the drain and the

X-component of the E-field (EX) strength is obviously enhanced owing to the assisted depletion effect

caused by the polarization junction. Thus, a uniform equipotential line distribution is achieved, as shown

in Figure 9. The source causes a new E-field peak (P) and further optimizes the E-field distribution of the

drift region. Additionally, the positive and negative polarization charges maintain the charge balance,

and almost all of the electric flux from the positive polarization charges terminate at the negative polar-
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ization charges in the off-state, as shown in Figure 1(c). The back-to-back graded AlGaN resembles an SJ

structure [26]. Therefore, the Y -component of the E-field (EY ) strength is also enhanced, as illustrated

in the inset of Figure 8. However, without the SJ-like structure for the PolFET and Con-HFET, the drift

region cannot be fully depleted and almost all of the equipotential lines are crowded at the right side of

the gate. The premature breakdown is caused by the high gate E-field, as shown in Figure 8.

In fact, the carrier profile strongly depends on the Al composition and the thickness of the graded

AlGaN. Figure 10 indicates the 3DEG and 3DHG concentration distributions of the BGA-HFET for

different xAl and d. When d is fixed at 100 nm, the 3DEG has the highest electron concentration

(∼2×1018 cm−3) and the widest electron slab at xAl = 0.4; subsequently, the concentration and width of

the 3DEG decrease with the decrement of xAl, as shown in Figure 10(a). Correspondingly, the 3DHG has

similar characteristics to the 3DEG, and its width is slightly smaller than that of the 3DEG at the same

xAl because of the depletion effect of the GaN-top with slightly doped n-type on the 3DHG. When xAl is

fixed at 0.4, as shown in Figure 10(b), the 3DEG and 3DHG concentrations decrease while their covering

widths extend as d increases. This indicates that the xAl and d have a strong impact on modulating the

carrier profile. In addition, a negligible carrier concentration exists near the positive-/negative-graded

AlGaN interface (Y = 200 nm) owing to the 3DHG-3DEG depletion effect between them. Undoubtedly,

the Vth of the BGA-HFET will also be affected by xAl and d, as shown in Figure 11(a), because of the
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variation in the 3DHG concentration, and that xAl has more obvious effects on Vth. Figure 11(b) shows

the transfer characteristic curves as a function of xAl and d.

Figure 12 illustrates the dependence of the BV and Id,sat on xAl and d, where the BV is defined as

the drain-source voltage at Id = 1 mA/mm under Vg = 0 V. The BV increases from 804 to 919 V as xAl

increases from 0.2 to 0.4 because the assisted depletion effect of the polarization junction is enhanced.

Meanwhile, the Id,sat also increases from 645 to 1411 mA/mm owing to the significant increment of the

3DEG sheet density. Figure 13 demonstrates the EX -field distributions at xAl=0.2 and 0.4; it clearly

shows that a higher average EX -field strength is achieved for a higher xAl, leading to a higher BV. The

inset in Figure 13 shows the I-V output characteristic curves for different xAl. However, the 3DEG

and 3DHG sheet densities maintained although d increased from 70 to 100 nm. This yields the almost

constant BV and Id,sat, as shown by red lines in Figure 12.

The analysis above shows that the performances of the BGA-HFET have a certain improvement by

increasing xAl and d, especially xAl. However, too high an Al composition may cause a lattice mismatch

in the positive-/negative-graded AlGaN layers, and a thick-graded AlGaN layer will increase the process

cost. Consequently, the maximum values of xAl and d discussed herein are 0.4 and 100 nm, respectively.

The N region under the source can regulate Vth by changing the doping concentration Ns. Figure 14

indicates the influence of Ns on the Vth of the BGA-HFET (d = 100 nm, xAl = 0.4). With Ns increasing

from 8×1016 to 2×1018 cm−3, Vth decreases from 2.19 to 1.66 V because the height of the conduction
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band along the gate sidewall is lowered. The inset in Figure 14 shows the transfer curves as a function

of Ns.

Figure 15 shows the primary fabrication process steps of the BGA-HFET. The process starts with a

mesa isolation, implemented by a high-power inductively coupled plasma (ICP) etching. Subsequently, the

isolation gap and drain contact region are performed together by low-power ICP etching (Figure 15(b)).

Si ions are implanted as the N region under the source to regulate the Vth, as shown in Figure 15(c). Next,

the Ti/Al/Ni/Au Ohmic contact is formed followed by the plasma-enhanced chemical vapor deposition

(PECVD) of Si3N4 as the passivation layer and the protection layer of the Ohmic contact (Figure 15(d)

and (e)). Subsequently, a 10-nm HfO2 layer is deposited by atomic layer deposition (ALD) as the gate

dielectric after the gate recess formation by low-power ICP etching (Figure 15(f) and (g)). Finally,

the device is finished with the source and drain via opening and interconnection after the Ni/Au metal

gate deposition. The primary steps are explained above and some process flows are omitted for brevity

(annealing, removing mask, etc.).
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Figure 13 (Color online) EX distributions (Y = 302 nm) and I-V output characteristic curves for different xAl.
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Figure 15 (Color online) Fabrication process for the BGA-HFET structure. (a) Mesa isolation; (b) isolation gap and

drain contact region formation; (c) implantation for N region under the source; (d) Ohmic contact formation; (e) PECVD

Si3N4; (f) gate recess formation; (g) HfO2 deposition; (h) gate metal formation; (i) source and drain via opening and

interconnection.

4 Conclusion

A novel 3DHG E-mode HFET with back-to-back graded AlGaN is proposed and investigated. The 3DEG

and 3DHG are induced in the back-to-back graded AlGaN owing to the polarization gradient, and the

E-mode is realized because the 3DHG blocks the vertical conductive channel. In the on-state, a large

saturation drain current is obtained owing to the high concentration 3DEG in the positive-graded AlGaN.

In the off-state, a uniform E-field distribution is achieved owing to the assisted depletion effect by the

polarization junction; therefore, the BV of the BGA-HFET is significantly improved. The proposed

device significantly enhances the Id,sat and the BV simultaneously, and the technique is available to

achieve E-mode GaN power devices of high voltage and high output power.
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