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Abstract A novel reduced surface field (RESURF) AlGaN/GaN high electron mobility transistor (HEMT)
with charged buffer layer is proposed. Its breakdown mechanism and on-state characteristics are investigated.
The HEMT features buried Fluorine ions in the GaN buffer layer both under the Drift and the Gate region
(FDG). The section of FDG under the drift region (FD) not only reduces the electric field (E-field) peak at
the gate edge but also enhances the E-field in the drift region by the assisted depletion, leading to a significant
improvement in breakdown voltage (BV). Moreover, the section of FDG under the gate (FG) enhances the
back barrier and effectively prevents electron injecting from the source to form leakage current, thus a higher
BV is achieved. The BV of the proposed HEMT sharply increases to 750 V from 230 V of conventional Al-
GaN/GaN HEMT with the same dimensional parameters, and the specific on-resistance (Ron,sp) just increases to
1.21 mQ-cm? from 1.01 m§-cm?.
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1 Introduction

AlGaN/GaN high-electron-mobility transistors (HEMTSs) are emerging as promising candidates for next
generation microwave power amplifiers and high-voltage switches owing to their superior properties such
as high two-dimensional electron gas (2DEG) deunsity, high electron saturation velocity, and high critical
breakdown electric field (E-field) [1,2]. Thus, high breakdown voltage (BV) can be realized in AlGaN/GaN
HEMTSs with ultralow on-resistance, breaking through the Si-limit [3]. However, the reported BV and
output power of the devices are still far lower than the theoretical limit of GaN.

In the off-state, electrons could be injected from the source to the high E-field region through the
buffer and initiate the impact ionization, leading to breakdown [4]. To modulate the E-field distribution
and suppress the buffer leakage, several technologies have been employed, including the field plate (FP)
[5], carbon-doped buffer [6], AlGaN back barrier [7], p-type doped buffer [8] and Schottky contacts in
the source [9]. However, the FP will induce an additional parasitic capacitance. Carbon doping in the
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Figure 1 (Color online) Schematic cross section of the proposed FDG-HEMT in (a) ON-state, and (b) OFF-state.

buffer may cause the current collapse [10]. The other ways used to restrict the premature breakdown
may induce significant negative impact on the on-state performance.

The fluorine ions (F~) treatment in AlGaN/GaN HEMTs and its stability were theoretically and
experimentally investigated [11-15]. Most of them are used to realize the normally-off mode [11-12]. The
F~ implanted in the AlGaN barrier layer is also used to improve the BV [13-14]. However, the F~ was
implanted in the thin AlGaN barrier layer (~20 nm) between the gate and drain. Thus the F~ easily
induces damage to the 2DEG channel. The on-state performance and reliability will be degraded and the
BV cannot be optimized to the best level. The F~ implantation in the buffer layer just under the gate
was also experimentally carried out to alleviate the drain induced barrier lowering (DIBL) effect [15].

In this paper, a novel reduced surface field (RESURF) AlGaN/GaN HEMT with buried F~ in the
buffer layer both under the Drift region and the Gate (FDG) is proposed and its off-state as well as
on-state electrical performances are investigated. Simulation indicates that the FDG can significantly
improve the BV with little impact on the maximum drain current (Iqmax) and specific on-resistance

(Ron,sp)-

2 Device structures and mechanism

Figure 1(a) is the schematic cross section of the proposed HEMT. The HEMT features a buried Fluorine
ions layer in the GaN buffer under the Drift and the Gate region (FDG-HEMT). Ly and Ls are the length
of the FDG under the drift region (FD) and under gate region (FG) respectively. The L; lengthens from
point O to the drain, and the Lo lengthens from O to the gate left edge. When L,=0 and L; # 0, the
device structure is just with FD and called as FD-HEMT, which is also first proposed in this paper. When
L2=0 and L1=0, the structure is the conventional HEMT (C-HEMT). The distance from the FDG to the
AlGaN/GaN interface is 40 nm which is referred on experiment [15]. The uniform doped FDG is used
to modulate the physical mechanism of the F~ implantation in the buffer layer. The N7 and T; are the
concentration and thickness of the FDG. The F~ in the AlGaN barrier layer under the gate is used in the
three types of HEMTS to realize the enhancement-mode (E-mode), with the concentration of No. All the
three HEMTSs have 1 pm gate-source distance (Lgs), 1.5pum gate length (Lg), 5 pm gate-drain distance
(Lga), 200-nm-thick SizNy passivation on the AlGaN, 25-nm-thick Al 26Gag 74N barrier, 1.5-um-thick
(Ts) GaN slightly n-type doped (Np=1x10*® cm~3) buffer layer on sapphire substrate. The net acceptor
(deep level) density in the buffer layer is set to be 1.5x10'% cm™3 and the energy level is 0.45 eV below
the conduction band minimum [16]. The z and y direction are given.

Figure 1(b) indicates the buried F~ depletes the 2DEG in the drift region at off-state, the FD extends
the depletion region and the FG prevents electron injecting from the source, which optimizes the E-Field
distribution and enhances the BV. The E-field lines not only terminate in the gate electrode but also
terminate in the FDG. As a result, the peak E-field around the gate edge is decreased and the E-field in
the drift region is enhanced, yielding the RESURF effect.

The physical mechanism is analyzed based on 2D Sentaurus TCAD from Synopsys. The simulations
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Table 1 Some physical properties of GaN and AIN [18]

Material GaN AIN
Eg(eV) 3.4 6.03
€0 9.0 8.5
Lattice constant (A) 3.186 3.112
e, max (cm? /Vs) 1460 300
pn (cm?2/Vs) 22 14
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Figure 2 (Color online) (a)—(c) Equipotential contours at breakdown (20V /contour), (d) I-V curves, where the BV is
defined as the source-drain voltage at Ig=1 mA/mm, V=0 V.

use Drift-Diffusion (DD) model, Overstraeten-de Man and Canali model [17]. Several important phys-
ical effects such as bandgap narrowing, doping dependent mobility and spontaneous polarizations are
also accounted in simulations. Table 1 shows some physical properties of GaN and AIN. The physical
properties of the Al,Ga;_,N in simulation are calculated from GaN (x=0) and AIN (z=1) nonlinearly.

Figure 2 compares the potential lines distribution among the FDG-, FD- and C- HEMT at breakdown.
In Figure 2(a) and 2(b), the FD extends the depletion region in the drift region and increases the average
E-field strength, resulting in the uniform potential line distribution. Comparison of Figure 2(a) with
Figure 2(b) shows that the FG restricts the electrons injection from the source to form leakage current.
Therefore, the BV of the FDG-HEMT increases to 750 V from 520 V of FD-HEMT. However, without
the FD and FG for the C-HEMT, the drift region cannot be fully depleted and all potential contours are
collected at the gate edge, wherein E-field concentrates and the electrons inject to the high field region
through the buffer easily. Thus the highest BV (230 V) of the C-HEMT is reached at Lgq=3 pm with
the increase in the Lgq. The I-V curves at breakdown are compared in Figure 2(d).

Figure 3 shows the E-field distributions at breakdown. Owing to the E-field modulation and the charge
sharing caused by the RESURF effect, the z-component of lateral E-field (E,) distributions of the FDG-
HEMT and FD-HEMT are more uniform and higher than that of the C-HEMT as shown by red and blue
area in Figure 3(a). First, the depletion width and the E-field strength in the drift are enhanced due
to the assisted-depletion caused by the FD. Second, the peak E-field around the gate edge is decreased
by comparing the FD-HEMT with C-HEMT. Third, the FDG-HEMT allows a higher E-field strength
near the gate at breakdown than FD-HEMT because the FG prevents the electrons from injecting to
cause large leakage current. An approximately linear potential is shown in the inset of Figure 3(a) for
the FDG-HEMT. In Figure 3(b), the charge sharing in the y direction is verified by the large E-field
y-component (E,). In the y-direction, both the depletion width and the E-field strength of the FDG-
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Figure 3 (Color online) E-field distribution of the three types HEMTSs at breakdown. (a) z-component of the lateral
E-field distribution at y=0.226 pm (in the 2DEG channel), and the inset depicts the potential distribution; (b) y-component
of the lateral E-field distribution; (c) vertical E-field distribution at the drain side (z=8.49 um).

HEMT are highest, as shown in Figure 3(c). Therefore, the FDG improves the lateral and vertical E-field
distributions, resulting in an enhanced BV.

Figure 4(a) demonstrates the conduction band profile along the z-direction at different depth and
different N7. The built-in potential between the FG and n-type GaN buffer layer (at y=0.25 pm) is ¢y.
o1, increases with the increasing Ny as depicted in Figure 4(a) and Eq. (1). Due to the coupling effect of
the FG, the barrier heights at the channel (y=0.226 um) and deep-buffer (y=0.5 um) are also elevated
compared with those at N1=0. Therefore, the origin of the leakage current and the leakage current path
are restricted. According to the thermionic-diffusion (T-D) emission theory, the buffer leakage current
density (Jpufter) is mainly determined by the barrier height g¢n, and Vys in Eq. (2). Thus the FG
effectively lowers the Jyuger, leading to a higher BV.

kT = NiNp
¢b: q In Tl? 5 (1)
AV,
Jbuffer=Aexp(—(§j;°)[exp (qk;s)_l], (2)

where A is the Richard constant, Np and Nj are the concentration of GaN buffer layer and FDG
respectively, A < 1 indicates that only a part of the Vs potential drop affects the barrier height. Figure
4(b) demonstrates the conduction band profile along the z-direction at different Vgs. For the FD-HEMT,
there is a barrier g¢f between the FD and n-type GaN buffer layer.

Figure 5 shows the leakage current distribution for the three HEMTs at V=230 V which is the BV
of the C-HEMT. For the FDG-HEMT, the electron injection from the source is effectively restricted
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Figure 4 (Color online) (a) Lateral conduction band profile at y=0.226 pm, y=0.27 pm, y=0.5 pm with different Nj.
(b) Lateral conduction band profile in the GaN buffer layer y=0.5 um for the FDG-, FD- and C- HEMT.
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Figure 5 (Color online) Leakage current density contours at Vgs=230 V (1 order of magnitude/contour). (a) FDG-HEMT;
(b) FD-HEMT; (c) C-HEMT.

as shown by the dashed rectangle in Figure 5(a). For the FD-HEMT, the absence of the FG provides
a window for leakage current as shown in the dashed rectangle of Figure 5(b). Without the FD and
FG for the C-HEMT, there is a continuous leakage current path of source-buffer-drift 2DEG channel as
demonstrated by the arrow heads in Figure 5(c).

Figure 6 shows the conduction band profiles across the gate region (z=3 pm) and drift region (z=
4 pm) along the y-direction. The conduction band increment AFE; as the enhanced back barrier not
only restricts the source carrier injection, but also confines the 2DEG within the channel, reducing the
leakage current. As for the gate region, the uplift of the conduction band in the AlGaN barrier layer
will elevate the triangular well at the Al1GaN/GaN interface [12]. Moreover, when the F~ in the AlGaN
barrier layer is combined with the FG, the triangular well could be elevated by AFEs further, causing a
threshold voltage shift of +0.4 V. In the drift region, note that the FDG alone almost has no effect on
the depth of the triangular well, as shown in Figure 6. Thus, the proposed FDG in the GaN buffer has
insignificant impact on the Iq max and Ron sp-
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Figure 6 (Color online) Conduction band profile at gate region and drift region in the y-direction at Vgs=0 V. The
effective n-type background doping in the buffer is 1x10'® cm™3.
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Figure 7 (Color online) Influence of N1, L1 on the BV and Iq max-

3 Simulation results and discussion

Figure 7 shows the influences of the Ny, L; on the BV and Ij max at Lo=0. With the increases in the
Ly, the BV increases owing to the expanded depletion region between the gate and drain. The Ig max
decreases with the increasing L; and N7 due to the increasing assisted depletion effect on the 2DEG.
For Silicon RESURF devices, the optimum dose is (1~2)x10'? em™2. The optimum RESURF dose
for GaN is expected to be 1x10'3 cm™2 due to 10 times higher critical electric field [19]. The negatively
charged F~ is used to realize the function of P-doped region. The F~ is implanted as effective fixed
negative charges. However, the activity ratio of P type impurity in GaN is very low and the P-doped
semiconductor needs to be depleted to form the effective negative space charges. When L; = Lgq,

according to charge balance among the polarization charge, N-drift buffer region, and the FDG, we get
the approximate RESURF criterion

Np x Tp + Qpolarization = N1 x T1 ~ 1 x 10"3cm ™2, (3)

where 77 =40 nm, Tp=1.5 pm, Np =2x10'5 ecm~3. The polarization charge density Qpolarization i equal
to the dose of the 2DEG (Q2pgg). For given T1=40 nm, the optimized N1=2.57x10'® cm~3 is calculated
from Eq. (3), almost consistent with the result in Figure 7.

Figure 8 shows the influence of the Ly on the BV and conduction band profile at Ly = Lgq. With the
increases in the Lo, the BV increases with the energy barrier expanding as indicated in Figure 8(b). The
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Figure 9 (Color online) Electron density in the 2DEG channel at on-state and at breakdown.

maximum BV is obtained at Ly = Lg=1.5 um. The FG region restricts the injection of the carrier from
the source.

Figure 9 shows the 2DEG density at the on-state and off-state. The FDG has little effect on the 2DEG
density at on-state. At the off-state V3s=BYV, the 2DEG density in the drift region for the C-HEMT
keeps a high value, providing a leakage path. With the assisted-depletion caused by the FDG, the 2DEG
density of the FD-HEMT and FDG-HEMT is decreased by five orders of magnitude as shown by the
symbols in Figure 9. Therefore, the buffer layer leakage current from the drain to the source is reduced
and a higher BV is achieved.

The transfer characteristic and output characteristic are compared in Figure 10. The three HEMTs
are normally-off on the condition of No=7.6x10'® cm ™2 in the AlGaN barrier. The Vjy, of the FDG-, FD-
and C- HEMT are 1.4 V, 1 V and 1 V, respectively. The inset in Figure 10(a) shows that the Schottky
gate of the three HEMTSs turns on (I;=1 mA/mm) at about Vg=5.3 V (at Vg = V;=0 V). The F~ in
the AlGaN under the gate induces an electron barrier, restricting the electrons from the channel to the
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Figure 10 (Color online) (a) Transfer characteristics at V3s=10 V, (b) I-V output characteristics (Vgs= 3 V, 5 V).

gate as shown in Figure 6. Thus the gate leakage current can be effectively reduced and the gate voltage
swing can be expanded by the F implantation in the AlIGaN. Moreover, the gate turn on voltage increases
with the increase in the F dose [11]. The gate swing of the FDG-HEMT is slightly higher than that of
the others due to the higher V;}, caused by FG. Compared with those of the C-HEMT, the BV of the
FDG-HEMT is increased by more than three times on the condition of decrease in Iq max only by 15%
as shown in Figure 10(a). The On-Resistance (R,,) mainly consists of the channel resistance (Rcp) and
the drift resistance (Rq). The Rqn depends on the Vi, and Vs while Ry relies on the 2DEG in the drift
region. At the low Vg, the R, plays an important role; on the contrary, R4 is the major part of the
Ron. In Figure 10(b), the I of the FDG-HEMT is lowest and that of the other two HEMTSs are almost
the same at Vy=3 V since the R, and Vi, play a determined effect. As the Vg increases, the I of the
FDG-HEMT and FD-HEMT are increasingly closer because the Rq gets more important.

Figure 11 illustrates Ronsp and BV values of the three devices and recently reported AlGaN/GaN
HEMTS, together with the theoretical Si- , SiC- and GaN- limit. The Ry sp of the FDG-, FD- and C-
HEMT (at Vgs=5 V) are 1.21 mQ-cm?, 1.16 mQ-cm? and 1.01 mQ-cm? respectively. There is only slight
degradation in the on-state characteristics because the concentration of the FDG is relatively low and
the F~implantation in the thick buffer layer induces little effect to the 2DEG. Moreover, according to the
experiment in [11], the rapid thermal annealing (RTA) (400 °C for 10 min) can recover the 2DEG mobility
and the lattice damages effectively. Note that the improvement of BV is more significant, compared with
the increase of Ronsp. As a result, an excellent trade-off between the off-state characteristics and the
on-state characteristics is achieved.

Figure 12 shows the key fabrication steps of the FDG-HEMT. The process flow refers to the experiment
[15]. After source/drain ohmic contact formation, the devices were treated by CF4 plasma in an RIE
system. In step (a) the FDG window of the FDG-HEMTSs were implanted by F~ with energy of 50 keV
at a dose of 1x10™ cm~2, with a position of the peak concentration at about 40 nm. Although the F~
implantation in the GaN buffer passes through the AlGaN barrier and the 2GEG channel, the actual
F~ profile as shown in the grey region induces acceptable negative effects to the forward performance,
according to the experiment. Step (b) shows another higher dose F~ implantation in the AlGaN barrier.
The implantation energy of F~ is 10 keV and the dose of F~ is 3x10'® ecm™2 [12]. Then, the samples
were annealed at 400°C for 15 min in Ny ambient. Finally the Schottky gate is formed in step (c).

As we can see from Figure 12, the actual F~ concentration profile in experiment is approximate Gauss
distribution. So the Gauss F~ profile is also simulated to compare with the uniform F~ profile discussed
before. The peak concentration is 1.5x10'® cm ™ with a position at about 40 nm. Figure 13 shows the
influence of F~ profile on the performance of the FDG-HEMT. With almost the same BV, the I max
and Ron sp of the Gauss F~ profile are lower than those of the uniform F~ profile within an acceptable
range.
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Figure 11 (Color online) Ron,sp and off-state BV in the proposed devices and recently reported AlGaN/GaN HEMTsS,
together with the theoretical Si- , SiC- and GaN- limit.
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Figure 12 (Color online) Key process steps of the FDG-HEMT for forming (a) FDG; (b) F~ region in the barrier to
realize the E-mode; (c) Schottky gate.
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Figure 13 (Color online) Influence of F~ profile on the performance of the FDG-HEMT.

4 Conclusion

AlGaN/GaN HEMTSs with the FDG in GaN buffer layer both under the drift and gate region are proposed
and investigated by simulation. The FD yields a charge sharing effect in the y direction and modulates
the E-field of the drift region, resulting in a uniform E-field distribution. Moreover, the FG effectively
raises the back barrier and hence reduces leakage current. Thus the off-state BV is greatly improved by
more than three times with insignificant degradation in on-state characteristics. The proposed devices
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possess a better trade-off relationship between the BV and Ry, sp. The FDG technique is available to
achieve power devices with the capacity of high voltage, high output power and low power dissipation.
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