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ABSTRACT This paper presented a AlGaN/GaN Schottky barrier diodes (SBDs) on free-standing GaN
substrates with a Si doped barrier layer were fabricated for high power application. Compared with the
conventional SBDs, the SBDs with doped barrier layer have the lower turn-on voltage (Vox) and specific
on resistance (Roy_sp) because more free carriers are induced in two-dimensional electron gas (2DEG)
channel. With Si doping concentration of 1x10?° cm™3 for AlGaN barrier layer, the SBDs demonstrate
Ron sp of 0.12 mQ-cm?, Voy of 0.41 V, breakdown voltage of 339 V, and power figure-of-merit (PFOM)
of 957.6 MV/cm?, which have a great potential for high-speed power device applications. Meanwhile,
the SBDs with doped barrier have a faster reverse recovery time, and a better low-frequency noise (LFN)
characteristics at low current density due to high carrier mobility and less generation-recombination (G-R)

noise.

INDEX TERMS AIGaN/GaN, Schottky barrier diode, Si doped, AlGaN barrier layer.

I. INTRODUCTION

Recently, GaN-based devices have shown great potential for
applications in high-speed power conversion systems due
to their excellent physical properties, including wide band
gap, high critical field for breakdown, and high electron
mobility, compared with other commercial semiconductor
materials [1]-[2]. GaN-based devices on Si or SiC substrate
have attracted much attention due to their low cost and the
superior scalability of wafer production [3]-[5]. However,
the threading dislocation and defects between the grown
GaN epitaxial layer and foreign substrate lead to nonlinearity
output at high output power communication applications [6].
Thus, free-standing bulk GaN with low threading dislocation
density has been used as a latticed matched substrate for
AlGaN/GaN heterostructure devices [6], [7].

AlGaN/GaN heterostructure devices are widely utilized in
radio frequency (RF) and power application systems due to
high concentration and high mobility of two-dimensional
electron gas (2DEG). They can provide high switching
speed, low reverse recovery loss, and the high reverse break-
down voltage (Vpg). AlGaN/GaN heterostructure diodes are
required to have a low turn-on voltage (Vpyn) and spe-
cific on resistance (Roy_sp) without sacrificing the reverse
characteristics to minimize power loss during operation of
power circuits and systems [8], [9]. Some technologies have
been reported to improve the performance of diodes. In
particular, the recessed anode structure has been investi-
gated widely because it can lower the Vpn and improve
the Vpg values of Schottky barrier diodes (SBDs) owing to
the thinner barrier layer between Schottky anode metal and
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GaN channel layer [10]-[12]. However, the lattice damage
induced by inductively coupled plasma (ICP) dry etching and
the after treatment of etched surface are inevitable during
the fabrication of recessed anode structure, thereby increas-
ing the complexity of fabrication and the difficulty of mass
production [13]. Anode metals with low work function (e.g.,
TiN) are utilized to replace the common Ni anode for achiev-
ing a low Vpp, but an issue of high reverse leakage current.
In addition to Vpy, the resistance of the device working at
low power conditions, which is limited by 2DEG concen-
tration and mobility, is extremely important owing to the
2DEG-dependent conductivity for AlGaN/GaN diode. Thus,
the extra free charge, which is from n-type doping, is needed
to reduce the resistance of GaN-based devices.

In this study, we proposed an alternative method to reduce
the Voy and achieve an ultralow Roy sp during the fab-
rication of conventional Ni anode with AlGaN/GaN SBD
under low power conditions for minimizing power loss.
The AlGaN/GaN SBD with Si modulation doped barrier,
which was used in modulation doped field-effect transis-
tor (MODFET) previously, was fabricated. The Vony was
reduced by using a Si doped AlGaN barrier to obtain high
electron concentration that can increase the rate of electron
tunneling and hopping. The doped AlGaN layer was sand-
wiched by two undoped AlGaN barrier layers to keep away
from the 2DEG channel for alleviating the effect of dopant
on 2DGE mobility due to impurity scattering in channel [15].
The Si doped AlGaN barrier significantly reduced the device
resistance, thereby reducing power loss in practice. The free
standing GaN substrate was also adopted to achieve a great
lattice quality.

The Current-voltage (I-V) characteristics at forward and
reverse directions were discussed in detail. The SBD with
Si doped AlGaN barrier layer demonstrated lower Voxn and
Ron _sp, which is a tradeoff with reverse leakage current
and Vpg performance. The reverse recovery characteristic
and low-frequency noise (LFN) of the AIGaN/GaN SBDs
were measured for further analysis.

Il. EXPERIMENT

In Fig. la, the epitaxial structure of AIGaN/GaN SBD was
grown on a 2-inch insulated Fe-doped free-standing GaN
substrate (350 wm) with (0001) orientation by metalorganic
chemical vapor deposition (MOCVD). The vertical structure
of the reference wafer consists of a thin AIN nucleation layer,
a Fe-doped GaN buffer layer (5 wm), and Alp25Gag 75N/GaN
(18/300 nm) heterostructure from bottom to top. A 1.5-nm-
thick GaN was grown as the cap layer. The AlGaN barrier
layer of 18 nm was divided into three parts of 9, §, and 1 nm
from top to bottom. Only the middle AlGaN layer of 8§ nm
was doped with various Si doping concentrations, which
were undoped (labeled as structure L), 1 x 10" cm™3 (labeled
as structure M), and 1x10%° cm™3 (labeled as structure H),
respectively. The other parts of AlGaN layer were undoped.
This design was investigated to achieve lower turn-on voltage
and higher switching speed.
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FIGURE 1. (a) A schematic cross-section view of AlGaN/GaN SBDs with
varied Si doping concentration in the AlGaN barrier layer. (b) A top view
photograph of SBD in this study.

The fabrication of SBDs was based on the standard pho-
tolithography and lift-off technology. The fabrication process
was started with device isolation. After wafer cleaning by
SPM and organic solution, mesa dry etching was conducted
by combining BCl3, Cly, and Ar gases, using a photoresistor
as mark. Then, Ti/Al/Ni/Au (30/125/50/200 nm) as cathode
ohmic stack was deposited by electron beam evaporation.
Ohmic contact was obtained by rapid thermal annealing at
850 °C for 30 sec in Ny atmosphere. The contact resistance
is 2.12x107> cm? (structure L) and 1.3x107% cm? (struc-
ture M and H), respectively, which is due to the high 2DEG
density induced by Si doping concentrations. A finger-type
anode with a width of 500 wm and a length of 20 pwm
was formed by evaporating a Ni/Au (25/100 nm) stack and
subsequent lift-off process. Finally, a thick SiN, layer was
deposited as a passivation layer, with the pad formed by a
Ti/Au (25 nm/1000 nm) metal stack. A top view photograph
of the SBDs is shown in Fig. 1b. The distance of anode-
to-cathode (Lac) was 20 pwm. The active region size of the
device was 680,000 pm?2 (1360 pm x 500 pwm).

11l. RESULTS AND DISCUSSION

Through TCAD simulation, the conduction band diagrams
along the cutline from A to A’ in Fig. la of AlIGaN/GaN
SBDs in structure L, M, and H are shown in Fig. 2a.
Compared with structure L, an obvious conduction band
bending can be observed in the doped AlGaN barrier layer.
For structure H, a portion of conduction band is below the
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FIGURE 2. (a) Conduction band diagrams at anode voltage of 0 V,
and (b) carrier concentration distribution for structure L, M and H,
respectively.

Fermi level. The Si dopant and donor-like defects/impurities
in AIGaN/GaN heterostructure are regarded as n-type dop-
ing, and the resulted band bending for AlGaN barrier layer
induces more carrier in the channel, easily resulting in the
band to band tunneling.

Nevertheless, the conduction band of AlGaN/GaN
interface shows a slight falling of structure M and H,
resulting in higher carrier concentration of 1.5x10?° and
2.5%10%° cm™3, respectively, compared with structure L
of 5.4x10' cm™3. Consequently, the doped barrier layer
induces a lower sheet resistance than that of undoped one,
and the lowest sheet resistance of 330 /square is found in
structure H at 300 K. This finding indicates that the 2DEG
concentration slight increases due to the effect of doped
AlGaN barrier layer. The hall mobility was measured. The
structure M and H have a lower carrier mobility due to the
impurity scatter caused by dopant. Among them, structure H
demonstrates the lowest carrier mobility of 840 cm?V~!s~!
at 300 K.

The DC characteristics of the three structures were mea-
sured by using an Agilent B1505A measurement system with
substrate grounding. The curves of forward current-voltage
(I-V) characteristics are demonstrated in Fig. 3a. The Voy
values of structures L, M, and H at the forward current of
1 mA/mm were 0.83, 0.68, and 0.41 V, respectively. The
Ron sp values of L, M. and H defined at the voltage of
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FIGURE 3. (a) Forward current-voltage (/-V) characteristics,
and (b) reversed current-voltage (/-V) characteristics (semi-log scale) for
structure L, M and H, respectively.

1.5 V were 1.12, 0.30, and 0.12 m§2-cm?, indicating a low
power loss in practice.

The reversed breakdown characteristics of the SBDs at
300 K are presented in Fig. 3b, which is the median among
the measured devices. Vg is defined as the reverse current
density reaching 1 mA/mm. The reverse leakage current of
the structure L below the —300 V bias was lower by more
than an order of magnitude than that of structures M and
H. The soft Vggr value of structure L. was about 320 V,
which is no existent for structure M and H due to high
reverse leakage current. The hard Vpg values of structures
L, M, and H were 679, 488, and 339 V, respectively. This
result reveals that increasing doping concentrations in the
barrier layer slightly raises the reverse leakage current and
decreases the Vpg value because the free carriers transiting
from the doped barrier layer to the 2DEG channel are out
of limit. The extracted parameters of structure L, M, and H
and that of other studies at 300K are summarized in Table 1.
The power figure-of-merit (PFOM = VéR/RON_Sp) values
of structure L, M, and H were calculated as 411.6, 793.8,
and 957.6 MW/cm?, respectively. Among these structures,
structure H shows the highest PFOM due to the ultralow
Ron_sp induced by more free carriers in the channel layer.
Although our device is not the best in terms of various single

VOLUME 10, 2022



PU et al.: AlGaN/GaN SBDs ON FREE-STANDING GaN SUBSTRATES WITH Si DOPED BARRIER LAYER

ELECTRON DEVICES SOCIETY

TABLE 1. DC characteristics of structure L, M AND H AT 300K.

Von Ir@1.5V Ron.sp Vir PFOM
@1mA/mm
Structure \% mA/mm  mQem?  V MW/cm?
?gggggz d% 0.83 26.8 12 679 4116
ey 068 94 030 4 7oas
(lsirf‘ézté‘ifn%) 0.41 2348 012 339 9576
[8] 1.0 - - 1500 666.7
[9] 0.7 85 5.12 1900 727
[10] 0.73 - 3.8 2070 1127
[16] 0.1 - 4.26 606 86.2
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FIGURE 4. Benchmark plot of Rgy sp versus PFOM for lateral GaN-based
SBDs.

parameters, its comprehensive performance is outstanding
and has relatively simple fabrication process.

Fig. 4 shows the benchmarks of the specific ON-resistance
versus PFOM for various lateral AlIGaN/GaN SBDs. Owing
to the ultralow Ron_sp value, the AlGaN/GaN SBDs with
doped barrier layer demonstrate relatively high PFOM com-
pared with other SBDs, which is promising for power
applications.

The Schottky barrier height (SBH) and ideality factors
(n) are extracted from Fig. 3a, which can be analyzed on
the basis of thermionic emission-diffusion theory, to fur-
ther investigating the current characteristics of structure M
and H. The I-V characteristic of SBDs at forward-bias is
expressed as the following relationship [22]-[23]:

qPp qV
J =A"T? -2 — ) -1 1
o)) -] o

where A** is the effective Richardson constant, which is
26.04 Acm—2K~2 for n-GaN, T is the absolute temperature,
q is the electron charge, ¢, is the zero-bias apparent SBH,
k is the Boltzmann constant, V is the forward-bias voltage,
n is the ideality factor, and J is the current density. From
equation (1), the extracted SBHs and ideality factors were
0.868, 0.763, 0.6 eV and 1.64, 2.46, 3.03 for structure L, M,
and H, respectively. The SBH of doped SBDs demonstrates
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FIGURE 5. Reverse recovery characteristics for structure L, M and H,
respectively.

an inversely proportional relationship with increased doping
concentrations of inner barrier layer, which depends strongly
on the band discontinuities and anode contact defects. The
energy band plots in Fig. 2a reveal that the conduction
band of anode/AlGaN and AlGaN/GaN interface slightly
decreases with respect to the conventional SBD, which is due
to the doped inner AlGaN barrier layer. On the other hand,
the high value of ideality factors structure M and H indicates
that thermionic emission-diffusion theory and other mech-
anisms contribute to the diode current. Therefore, the high
concentration of the inner AlGaN barrier layer influences
the conductive mechanism although it’s not directly contact-
ing with GaN channel layer, thereby enhancing the carrier
tunneling effect through the anode/AlGaN and AlGaN/GaN
interface. Hence, the SBH of structure M and H is dominated
by band discontinuities, anode contact defects and dopant
influence, simultaneously by combining with the Schottky
contact interface of anode/undoped AlGaN. When the doped
SBD is under reverse bias, the doped inner barrier layer can-
not be depleted entirely, resulting in a high leakage current
and a relatively low breakdown voltage.

Fig. 5 illustrates the reverse recovery characteristics of
structures L, M, and H measured with a Poworld Electronic
PQR 600 tester system. The switched conditions were set up
at the forward current of IF = 3 A, followed by switching
to the reverse bias of —100 V with dI/dt of 150 A/us at
room temperature. Reverse recovery time (7,,) is the sum
of storage time (7,) and reverse current delay time (7}).
Ty is defined at the time of the diode current recovering to
10% of I, in which [, is the maximum reverse recovery
current [24]. Reverse recovery charge (Q,,) is the charge
accumulated within a diode rectifier that has experienced a
forward current. When switching to reverse bias, this charge
is released as a reverse current for an amount of time known
as T,,. T, values of 52.2, 39.6 and 40.2 ns were extracted for
structures L, M, and H, respectively. Structure M and H have
faster recovery characteristics than L, which is attributed to
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FIGURE 6. The noise spectral versus frequency for structure L, M and H
with current density of (a) 0.1, (b) 1, and (c) 10 mA/mm at 300 K.

the strong tunneling effect. Structure L and M have sharp
reverse recovery characteristics, and structure H shows a soft
reverse recovery waveform. Therefore, a structure M com-
bining with a lower value of Tj, exhibits a slightly faster 7,
than that of structure H. However, the low ability of storing
charge induced by high doping concentration results in the
lowest reverse recovery charge Q. of 16.2 nC for struc-
ture H. Structure H has the most excellent reverse recovery
characteristics by comprehensive analyzing the parameters
of reverse recovery curves.

The measurement of LFN spectra as a crucial factor in
microwave and high-power system applications was per-
formed by utilizing the fluctuation of forward current caused
by the charging or discharging of defects in the anode area.
This process was conducted to further analyze the trapping
phenomenon of AlGaN barrier layer with varied doping con-
centration. The frequency ranging from 10 to 1000 Hz and
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the current density varying from 0.1, 1 to 10 mA/mm around
the turn-on voltage of SBDs, for structure L, M, and H were
set up. Fig. 6 shows the measured LFN spectra of SBDs
depending on frequency with different current densities at
T = 300 K. The curves show that the LFN of doped SBDs
is lower at low current of 0.1 and 1 mA/mm owing to the
bandgap bending and widened 2DEG channel. However, the
doping SBDs have high noise at a higher current density
of 10 mA/mm. This condition is due to the trapping effect
lower than the carrier mobility in the 2DEG channel and
more generation-recombination (G-R) noise caused by high
doping concentration.

IV. CONCLUSION

AlGaN/GaN SBDs with different Si doped AlGaN bar-
rier layer, in which the doped layer was sandwiched by
two undoped AlGaN barrier layer, were fabricated on free-
standing GaN substrates to further improve Voy, and Roy_sp.
The SBDs with doped AlGaN barrier layer had lower Vpy
and Ron sp than the undoped SBDs because more numer-
ous free carriers were induced in 2DEG channel. The SBDs
with Si doping concentration of 1x10% cm™3 (structure H)
had Roy sp of 0.12 mQ-cm?, Voy of 0.41 V, breakdown
voltage of 339 V, the highest PFOM of 957.6 MV/cm? and
the excellent reverse recovery characteristics as well which
is great potential for high-speed power device applications.
And the LFN characteristics demonstrated that low noise
was confirmed for SBDs with doped barrier layer at low
current density, but high noise at high level of current den-
sity (10 mA/mm) due to reduced carrier mobility and more
G-R noise generated.
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