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The AlGaN/GaN Schottky barrier diodes (SBDs) working as high-power mixer and multiplier show great potential in millimeter
wave (MMW) field owing to their high breakdown voltage. Nevertheless, its further application is severely limited by large reverse
leakage current (J,) since the two-dimensional electron gas (2DEG) channel is hard to be pinched off at low voltage. To address this
limitation, a graded AlGaN/GaN heterostructure is introduced to extend the 2DEG channel into a quasi-three-dimensional
electron slab. By comparing the fixed Al composition AIGaN/GaN SBD, J, of the graded AlGaN/GaN SBD is significantly reduced
due to the extension of channel carriers, confirming the effective J, suppression effect of this structure. Furthermore, on this basis,
arecessed anode structure is utilized to expect a smaller J,. The results indicated that the graded AlIGaN/GaN SBDs with air-bridge
structure have achieved a pretty low J, value (1.6 x 10 A at -15 V), and its cutoff frequency is as high as 60.6 GHz. It is expected

that such SBDs with low J, have significant advantages in future applications.

1. Introduction

The Schottky barrier diodes (SBDs) can be used as mixer and
multiplier elements in millimeter wave (MMW) imaging
[1, 2], nondestructive testing [3], automotive sensors [4, 5],
and communication [6] regions due to their nonlinear effect
and mature manufacturing technology [7-11]. To date, the
planar GaAs-based SBD is still the most commonly used
element, but it always exhibits large reverse leakage currents
(J;) and low breakdown voltage, which seriously limits its
applications in the high-power field [9]. By contrast, GaN-
based SBDs have a higher breakdown voltage and show
greater application advantages in the MMW field. Specifi-
cally, some researchers have achieved high breakdown

voltage and high cutoff frequency (f;) with the n™-GaN/n"-
GaN structure [12, 13]. In our previous studies, we also have
reported the breakdown voltage of -20 V at 0.1 uA and a f, of
114 GHz based on AlGaN/GaN heterostructure [14].
Compared to bulk doping, the two-dimensional electron gas
(2DEG) with high electron mobility and high carrier con-
centration can be acquired at AIGaN/GaN interface due to
its spontaneous polarization and piezoelectric polarization
[15-17]. However, according to related reports, the SBDs
based on the AlGaN/GaN heterostructure exhibit large J,
because the 2DEG channel is hard to be pinched off at low
voltage [18-21]. To solve this problem, an extended 2DEG
structure was designed by the graded AlGaN/GaN hetero-
structure [22-25]. The graded AlGaN/GaN exhibits high
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mobility compared with bulk doping due to the removal of
ionized impurity scattering, especially in low-temperature
environments [22]. Furthermore, the graded AlGaN/GaN
can realize better stability due to the robustness of surface
states [24]. However, the characteristics of the graded
AlGaN/GaN SBDs are rarely reported, and investigations
about leakage properties are still lacking.

In this work, the planar SBDs based on the fixed Al
component AlGaN/GaN and the graded AlGaN/GaN het-
erostructures were fabricated, and their current-voltage (I-
V) and capacitance-voltage (C-V) characteristics were
evaluated and compared. The carrier distribution of the
graded AlGaN/GaN heterostructures was analyzed
according to the simulated and experimental results, which
supported the extension of the carrier distribution. The
forward and reverse currents of SBDs were also studied
through the structures with and without recessed anode. As
aresult, the SBDs with the air-bridge structure have achieved
a pretty low J, value using graded AlGaN/GaN; meanwhile,
the f. is as high as 60.6 GHz.

2. Experiments

The samples of graded AIGaN/GaN heterostructures were
grown on a c-plane sapphire substrate by metal-organic
chemical vapor deposition (MOCVD). The sample struc-
tures consist of a 20nm AIN nucleation layer, a
2.5 um C-doped (4x 10" cm™) GaN buffer layer, a 200 nm
unintentionally doped (UID) GaN, and a 35nm graded
Alg<GaN barrier layer. C-doped GaN buffer layer is semi-
insulating, which avoids the leakage current of the buffer
layer and reduces the parasitic capacitance. Si concentration
of UID GaN is lower than 10'® cm ™. The Al component x of
graded Aly_,GaN barrier layer from UID GaN to the surface
is changed from 0 to 0.27 (S1) and from 0 to 0.35 (S2), as
shown in Figure 1(a). In order to compare with the con-
ventional AlIGaN/GaN SBDs, a 35nm fixed Al component
Alg35Gag¢5s N/GaN heterostructure (S3) was designed, as
shown in Figure 1(b). The distribution of Ga and Al com-
position in the S2 was measured by secondary ion mass
spectroscopy (SIMS), as shown in Figure 1(c). It can be seen
that the Al composition is graded from UID GaN to
Al 35Gag ¢5 N surface, which extends the carrier distribution
in the channel.

In order to verify the carrier distribution in the graded
AlGaN barrier layer, the ring SBDs were fabricated with
three steps. (1) The device mesa isolation of 300 nm was
performed by dry etching using inductively coupled
plasma (ICP). (2) The cathode ohmic metals of Ti/Al/Ni/
Au (15/80/20/60 nm) were deposited by E-beam and
thermal evaporator followed by rapid thermal annealing
(RTA) at 850°C for 30 s in N,. (3) The metals of Ni/Au (20/
80nm) were deposited in an anode. The schematics of
their structures are illustrated in Figures 2(a) and 2(b). In
conventional ring SBD, the anode radius (R) is 100 ym,
and the space (L,.) between the cathode and anode
electrode is 20 ym. In recessed ring SBD, the recess radius
(r) is 99 ym, which effectively reduces the capacitance of
the ring SBD. Parts of anode metals were designed to be
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overlapped on the sample surface because the radius of the
recess is less than the anode metal. The parallel connection
of overlapped planar and recessed sidewall Schottky diode
is formed in SBD with the recessed anode. Figure 2(c)
shows an optical microscope photograph of ring SBD. The
SBD with air-bridge structure was designed to improve f..
The gold air-bridge which connected the small anode and
electrode pad was fabricated using the electroplating
technique. The structural parameters of the SBD with air-
bridge structure are as follows: R=4 ym, r=3.95 ym, and
L,.=2pm. The reduction of anode size can effectively
increase the f.. Figures 2(d) and 2(e) show the schematic
structure and SEM image of the SBD with air-bridge
structure, respectively.

The C-V characteristics were measured with alternating
voltage of 30mV amplitude and 1MHz frequency by
Keysight E4980 A LCR meter. The I-V characteristics were
tested by Keithley 4200-SCS semiconductor parameter an-
alyzer. All tests were performed at room temperature.

3. Results and Discussion

In order to obtain the characteristics of carrier concentration
vs. depth in the graded AlGaN/GaN heterostructure, the
C-V characteristics of the conventional ring SBDs and the
recessed ring SBDs were measured, as shown in Figures 3(a)
and 3(b). It is observed that the capacitance of recessed ring
SBDs is reduced by two orders of magnitude compared with
the conventional ring SBDs, which is attributed to the sharp
reduction of the effective area of the parallel plate capacitor.
Theoretically, the capacitance of conventional ring SBD can
be described as a parallel plate capacitor with a depletion
depth (W = gy¢,A/C), where ¢, ¢,, A, and C represent the
vacuum dielectric constant, the dielectric constant of
AlGaN, the anode area, and the capacitance of reverse-bias
junction, respectively. The function of carrier concentration
(N 4) vs. depth is described by the following equation [26]:

1 ) 2
d(l/CZ)/dV qsOeSAz’

N,(W) = (1)

where g is the elementary charge. Based on this, the carrier
distributions of S1, S2, and S3 were calculated and plotted in
Figure 3(c). For S3, its carrier distribution width is the
smallest and is quantified as 1.1 nm, which is much narrower
than S1 (5.8 nm) and S2 (6.0 nm). Furthermore, it also has
the largest carrier concentration (1.04 x 10*°cm™) com-
pared to S1 (8 x 10" cm™) and S2 (1.37 x 10" em™). As for
Sland S2, it can be concluded that their carrier distribution
is significantly extended to quasi 3-D electron slab in the
graded AlGaN barrier layer. Additionally, the capacitance of
S3 is smaller than those of S1 and S2 because the channel
carriers are farther away from the anode metal. Conse-
quently, S3 (Vg3 =-6.5 V) shows a higher pinch-off voltage of
depleted channel carriers compared with S1 (Vg; =-2.8V)
and S2 (Vs,=-3.2V) owing to the higher carrier concen-
tration and deeper carrier position.

Figure 3(d) shows the band structure versus the depth
based on simulation results. The potential well is extended
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FIGURE 1: Schematic illustrations of (a) S1 and S2, and (b) S3. (c¢) Composition of Al and Ga in S2 by SIMS measurement.
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FIGURE 2: Schematic illustration of (a) conventional and (b) recessed ring SBDs. (c) Optical microscope photograph of ring SBDs.
(d) Schematic illustration of the SBD with air-bridge structure. (e) The SEM image of the SBD with air-bridge structure.

from AlGaN/GaN interface to the graded AlGaN barrier
layer. Figure 3(c)showsthe carrier distribution versus the
depth, which is similar to the carrier distribution by C-V
calculation. In order to investigate the extension of the
carrier distribution, the distribution of polarization charge
along the [0001] direction was calculated by the Poisson
equation [27].

2
v. [(sz+i—Z)V¢] =—p+V.P, ()

where ¢, is permittivity, e, is the piezoelectric coefficient, c,
is elastic constant, P, is the total polarization in the material,
¢ is the electrostatic potential, and p is the charge distri-
bution. The parameters of ¢,, e,, c,, and P, are all in [0001]
direction. The polarization charge density of the S1 and S2 is
significantly reduced by two orders of magnitude compared
with S3, demonstrating the extension effect of the graded
AlGaN barrier layer on the positive polarization sheet charge

at the AlGaN/GaN interface, as shown in Figures 3(e) and
3(f).

Figures 4(a) and 4(b) exhibit good Schottky diode
properties of conventional and recessed ring SBDs. When
the voltage is lower than the pinch-off voltage
(Vs < V. <0V), the currents gradually increase as the voltage
increases due to the Frenkel-Poole (FP) emission mecha-
nism [21, 28-30], and the channel carriers are not pinch-oft
at this time. In comparison with the S2 and S3, the S1 in-
creases more slowly due to the thicker barrier width. When
the voltage is higher than the pinch-off voltage (V, < Vg), the
currents reach saturation thanks to the pinch-oft of channel
carriers, and in this range, J, is mainly due to the emission
mechanism based on trap-assisted tunneling (TAT).
Compared with the fixed Al composition AlGaN/GaN SBD,
the saturated J, of the graded AlGaN/GaN SBD is reduced
due to the lower carrier concentration, wider depletion
width, and lower tunneling probability. Moreover, the
channel is more likely to be pinched off at lower reverse-bias



Advances in Condensed Matter Physics

180 2.0 c
150 [ I s Of
= L o ler S 8 r
E120 F _ & S~ 4
" L Conventional ° 12 L R d a2°
= 90F ring SBD g ecesse g é 1.5 |
8 g ks ring SBD Sa
T e Sosp 20 )
& 30 & 1 g
S 307 O 04 5 05
0 )
P T R R B oo bt v v 0.0 " " n ARl 4
-5 12 -9 -6 -3 0 -5 -12 -9 -6 -3 0 0 10 20 30 40 50 60
Voltage (V) Voltage (V) Depth (nm)
—— S1 —— S1 Experiment Simulation
—a— S2 —a— S2 —e— SI —S1
—a— S3 —a— S3 —a— S2 — 82
—a— S3 — S3
(a) (b) (0
300
£ 15 Lo 0T > 200 [
- < g i s g I
T 10 55 10f 5.5 100F
< 82 sl ge or
B 0.5 85 I S & -100 |
=t = s 3 I
&3 22 00} S 2 200f
R £< 257 £ s00f
-0.5 2400 R T gqoo bl o
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Depth (nm) Depth (nm) Depth (nm)
— 81 — S3 — S1 — S3
— 82 ---- Fermi level — 82
(d) (e) (f)

F1GURE 3: The C-V characteristics of (a) conventional and (b) recessed ring SBDs. (c) The carrier concentration vs. depths of S1, S2, and S3 by
experiment and simulation. (d) The E¢ energy level vs. depths of S1, S2, and S3. The distribution of polarization charge of (e) S1 and S2, and

(f) S3.
100
102 F Conventional
£ ring SBD
~ 107§
<
Tz 10°
g F
E 108
5 4
O o0
10712 ;
10-14: N P L L P P
-15 -12 -9 -6 -3 0 3
Voltage (V)
—o— S1
—a— S2
—a— S3
()

2 F
102{ Recessed
. 10'4f: ring SBD
S joef
§ o
s 10
)
O 1010 |
3
1012
10—14[..|..|..|..|....
-15 -12 -9 -6 -3 0 3
Voltage (V)
—eo— S1
—a— S2
—a— S3
(b)

FIGURE 4: The I-V characteristics of (a) conventional and (b) recessed ring SBDs.

voltage due to shallow carrier distribution. In addition, we
found that the saturated J, values are a linear relationship
with the effective anode area and are related to the trap
concentration on the AlGaN surface [21]. In comparison
with conventional rings SBDs, the saturated ], values of
recessed rings SBDs are reduced by about three orders of

magnitude, which is contributed to the smaller effective
anode area.

The electrical characteristics are summarized in Table 1.
The ideality factor of SBDs is larger than 1, which indicates
that the transport mechanisms include TAT, recombination,
and thermionic emission (TE) under the forward voltage
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TaBLE 1: Electrical characteristics of SBDs.

Size (ym) Sample Ideality factor Series resistance (Q2) Saturated J, at -15V (A) Capacitance at 0V Cutoff frequency (GHz)
S1 1.64 51.5 1.0x10°° 146 pF 0.021
R=100, r=0 S2 1.68 39.4 8.8x107° 163 pF 0.025
S3 1.53 21.5 59x107° 109 pF 0.067
S1 1.34 105.8 1.2x107° 1.44 pF 1.04
R=100,7r=99  S2 1.33 52.7 2.0x10°8 1.84 pF 1.66
S3 1.95 20.5 9.9x107® 1.25 pF 6.26
S1 1.89 368 1.6x107" 10.4 fF 41.7
R=4, r=3.95 S2 1.94 210 1.9%x107"2 12.5fF 60.6
S3 2.19 151 3.4x107"° 11.5fF 91.6
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FIGURE 5: The (a) I-V and (b) C-V characteristics of the air-bridge structure planar SBDs.

[31-33]. The series resistance (R;) of recessed ring SBDs is
larger than conventional ring SBDs because the electrons
laterally flow to the anode metal of the recessed sidewall. In
comparison with conventional rings SBDs, the f. of the
recessed rings SBDs is improved by two orders of magni-
tude, as shown in Table 1.

The f. of SBD is a very important parameter in MMW
regions, which is defined as f.=1/(27R,C,) [34]. The
reduction of R; or Cj is the only way to improve the f.. In
order to obtain a higher f, the SBD with an air-bridge
structure is designed. The C-V and I-V characteristics are
shown in Figures 5(a) and 5(b), respectively, which exhibit
good Schottky diode properties. The value of the J, between
the two pads is about 2.8 x10™'* A. The electrical charac-
teristics are described in Table 1. In comparison with the

SBD of S3, the ], value of S2 is reduced by two orders of
magnitude due to the extension of carriers in the channel.
The capacitance of S3 is slowly decreased due to the sidewall
capacitance of the recessed SBD device, as shown in
Figure 5(b). The S2-based SBD with air-bridge structure
shows R, of 210 Q), C, of 12.5fF, f. of 60.6 GHz, and ], of
1.9x107'% A at -15V.

The J, of the air-bridge structure planar SBDs is sum-
marized in Figure 6. Compared with traditional GaAs-based
SBDs, the GaN-based SBDs show a much higher breakdown
voltage. What’s more, the AlIGaN/GaN SBDs show lower J,
values. In this work, the graded AIGaN/GaN SBDs with the
air-bridge structure have achieved the lowest ], values of
1.6x107" A at -15V, which can effectively reduce the
heating of the device in mixer and multiplier.
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4. Conclusions

In summary, the characteristics of the graded AIGaN/GaN
SBDs with and without recessed anode have been evaluated
by the I-V and C-V. The carrier distribution of the graded
AlGaN/GaN heterostructures was analyzed using the
Poisson equation, which reveals the reasons for the exten-
sion of the carrier distribution. Compared with the fixed Al
component AlGaN/GaN SBD, the J, is reduced by two
orders of magnitude due to the extension of the carrier
distribution. The graded AlGaN/GaN SBDs with air-bridge
structure have achieved a pretty low J; value (1.6 x 107 A at
-15V). The f. of graded Aly.35GaN/GaN SBD with air-
bridge structure is 60.6 GHz, and the J, is as small as
1.9x 107" A at -15 V. These are beneficial to the applications
of MMW in the future.
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