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Dynamic characteristics of the single-crystal GaN-passivated lateral AlIGaN/GaN Schottky barrier diodes (SBDs)
treated with proton irradiation are investigated. Radiation-induced changes including idealized Schottky interface and
slightly degraded on-resistance (Roy) are observed under 10-MeV proton irradiation at a fluence of 10'4 cm~2. Because
of the existing negative polarization charges induced at GaN/AlGaN interface, the dynamic ON-resistance (RoN,dyn) Shows
negligible degradation after a 1000-s-long forward current stress of 50 mA to devices with and without being irradiated
by protons. Furthermore, the normalized Ron dyn increases by only 14% that of the initial case after a 100-s-long bias
of —600 V has been applied to the irradiated devices. The high-performance lateral AIGaN/GaN SBDs with tungsten as
anode metal and in-situ single-crystal GaN as passivation layer show a great potential application in the harsh radiation

environment of space.

Keywords: AIGaN/GaN SBDs, GaN passivation layer, proton irradiation, dynamic on-resistance

PACS: 73.40.Kp, 85.30.De, 85.30.Kk

1. Introduction

Because of the great properties of the AlGaN/GaN het-
erostructure with high density and high mobility two dimen-
sional electron gas (2DEG), and high critical field, the Al-
GaN/GaN devices have been proven to be promising a candi-
date in the next-generation power-switching applications.!!=!
As for the hexagonal GaN, the lattice constant a and c are
0.319 nm and 0.519 nm, respectively, which are smaller than
the counterparts for the traditional narrow bandgap semi-
conductor Si and GaAs. Small lattice constant or wide
bandgap of semiconductor always corresponds to high dis-
placement threshold energy and an impressive radiation hard-
ness property.'®7! The high radiation tolerance of GaN-based
device makes it suitable for deployment aboard space-based
systems. 8191 Meanwhile, the compatible fabrication process
between AlGaN/GaN Schottky barrier diodes (SBDs) and
high electron mobility transistors (HEMTs) shows a great
promise for monolithic integration with improved character-
istics and suppressed chip volume, which is vital for the space
vehicles. [!1-13]

In order to improve the rectification efficiency, SBDs
with low turn-on voltage (Von), low reverse leakage current
(Ir), and high breakdown voltage (BV) are essential. The Al-
GaN/GaN SBDs with fully recessed anode structure are con-
ducive to suppressing Ir by avoiding the effect of threading

dislocation formed in the epitaxial process, and the direct con-
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tact between low work-function anode metal and nonpolar face
of GaN channel is able to reduce the Von and improve the for-
ward current density.[14-16] Recently, the AlGaN/GaN devices
with a thick in-situ GaN cap layer as a passivation layer was
proposed to reduce the influence of surface states, showing the
impressive stability of the dynamic ON-resistance (Ron,dyn)
under long-duration stress.!17-1%]

In this work, the in-situ single-crystal GaN-passivated Al-
GaN/GaN SBDs with fully recessed anode structure and low
work-function metal as anode are irradiated by 10-MeV pro-
tons at a fluence of 10'* cm™2. The interface characteris-
tics and dynamic performances of the fabricated AIGaN/GaN
SBDs irradiated by proton are preliminary studied. The irra-
diation treatment idealizes the metal/semiconductor (M/S) in-
terface, and the Schottky interface parameter such as the ide-
ality factor (1) changed towards the ideal case. Furthermore,
Ron,gyn, Which is sensitive to the traps existing in the surface,
the passivation layer, the barrier layer and the GaN bulk, be-
comes only 1.14 times the static Ron after being acted on by
a 100-s-long bias of —600 V, and 1.04 times after being ex-
perienced by a 1000-s-long bias of 50 mA, for the irradiated

AlGaN/GaN SBDs.

2. Device fabrication

The epitaxial layers were grown via metal-organic
chemical-vapor deposition (MOCVD) on a sapphire sub-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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strate, which consist of an 80-nm GaN cap layer, a 25-
nm Alg,5Gag 75N barrier layer, a 1-nm AIN space layer, a
200-nm GaN channel layer, a 2.4-um undoped GaN buffer
layer, and a 45-nm AIN nucleation layer, as shown in Fig. 1.
The thick single-crystal GaN cap layer acted as the in-
situ passivation layer, which is not heteroepitaxially grown
by plasma-enhanced chemical vapor deposition (PECVD) or
low-pressure chemical vapor deposition (LPCVD). The high-
quality passivation layer with low density of interface states
contributed to the low dispersion under high-voltage stress and
thus improved the power output with less Ron,dyn degradation.
The undoped GaN buffer layer and the thick GaN cap layer
were able to suppress the current collapse under high bias volt-

age induced by bulk traps and surface traps, respectively.?9-23]

Al,O3

GaNN channel

Substrate

Fig. 1. Cross-sectional schematic view of fabricated GaN/AlGaN/GaN
SBDs exposed to proton irradiation.

The device fabrication started with device isolation via
the inductively coupled plasma (ICP) etching process. The
Ohmic metal stacks of Ti/Al/Ni/Au (22/140/55/45 nm) were
evaporated after removing the GaN cap layer and AlGaN bar-
rier layer by ICP process, then the electrodes were annealed at
870 °C for 35 s in N, atmosphere. The recessed anode region
was defined via the optimized ICP process with an etch rate of
36 nm/min, followed with the low temperature annealing pro-
cess to repair the etching damage. Then, the metal stacks of
W/Au were sputtered as anode and treated with post anode an-
nealing (PAA) process at 450 °C for 300 s in N, atmosphere.
As for the high-performance GaN SBD fabrication, PAA pro-
cess was essential to eliminate the interface states at the M/S
interface and improve the device performance by suppressing
leakage current, increasing forward current density, improv-
ing BV, and enhancing devices stability. After that, a 20-nm
Al,O3 was deposited via atomic layer deposition (ALD). Fi-
nally, the devices were irradiated with 10-MeV proton at room
temperature at fluences of 10'* cm~2.

The fabricated AlIGaN/GaN SBDs with a thick GaN cap
layer possessed an anode radius (R) of 100 um, an anode-
cathode spacing (Lac) of 15 um, and a length (Lgx) extend-
ing over the recessed region of 2 pm. The forward DC and

temperature-dependent characteristics were measured with a

Keithley 4200 Semiconductor parameter analyzer, and the re-
verse breakdown and dynamic characteristics were performed
by using an Agilent B1505A high-voltage semiconductor anal-
yser system.

3. Results and discussion

Figure 2(a) shows the well-behaved forward /-V charac-
teristics of the fabricated GaN/AlGaN/GaN SBDs before and
after being irradiated by protons. In Fig. 2 and the follow-
ing, PI stands for proton irradiation. The Vpy is defined as the
value at an anode current density of 1 mA/mm, and itis 0.38 V
for both samples, and the low Vo is benefited from the direct
contact between low work-function anode metal and the non-
polar sidewall of GaN channel, which shows a great improve-
ment in the static power consumption. The Ron is defined
as the value at an anode current density of 100 mA/mm, and
it, under the influence of Vg, is calculated to be 15.0 Q-mm
and 13.7 Q-mm for the device with and without irradiated by
protons, respectively. The slight degradation of Roy is caused
by either a decrease in 2DEG density and saturated carrier ve-
locity induced by the photon radiation.!?*?3] The reverse /—
V characteristics of the fabricated lateral GaN SBD with and
without irradiated by protons are shown in Fig. 2(b). Three
lateral AlIGaN/GaN SBDs are performed on both samples, and
all of them show a similar tendency. The reverse /-V charac-
teristic of the irradiated sample is different from the counter-
part, which is caused by the degradation of GaN material prop-
erty. Figure 2(c) shows the micro-Raman of the GaN epitax-
ies before and after being irradiated by protons, and the mea-
sured peak position of EIZ{igh and A; (LO) are 571 cm~! and
735 cm™!, respectively, for both samples, indicating that the
stress state of the thick GaN cap layer is not affect by proton ir-
radiation. However, the full width at half maximum (FWHM)
of E?igh of the irradiated sample increases compared to that
of the control sample, which means that the crystal quality of
GaN was deteriorated after proton irradiation treatment, and
the deteriorated GaN crystal quality resulted in the degener-
ated reverse /-V characteristics.

Figures 3(a) and 3(b) show the temperature-dependent /—
V characteristics of the fabricated GaN/AlGaN/GaN SBDs be-
fore and after being irradiated by protons. The Voy of the ir-
radiated SBD changes from 0.38 V to 0.31 V, while the other
one varies from 0.38 V to 0.33 V, and the leakage current in-
creases by 11.87 times for irradiated device, and 22.65 times
for the unirradiated device, as the temperature increases from
300 K to 425 K. For the irradiated device, the increase of sup-
pressed leakage current with temperature rising is attributed
to the fact that the ideal M/S interface has been treated by the

proton irradiation.
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2. Room-temperature (a) forward /-V characteristics and extracted Ron, (b) reverse [-V characteristics of fabricated lateral AlGaN/GaN SBD before

and after being irradiated by protons. (c) Micro-Raman of GaN epitaxies irradiated by protons.
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Fig. 3. Temperature-dependent /-V characteristics of fabricated GaN SBD
(a) before and (b) after being irradiated by protons.

According to the theory of thermionic emission, the for-
ward /-V relationship of GaN SBD can be expressed as I =
Is[exp(g x (V —I x Rs)/(nkT) —1)], where Is is the reverse
saturation current which can be determined from the intercept
of the In(Z)-V curve, g is the electric charge, Rg is the series
resistance, 1) is the ideality factor, & is the Boltzmann constant,
and 7 is the absolute temperature. The extracted Schottky bar-
rier height and ideality factor of the fabricated device before
and after being irradiated by protons are shown in Figs. 4(a)
and 4(b), respectively. The Schottky barrier height of the ir-
radiated sample increases from 0.56 eV to 0.73 eV, while that
of the other sample increases from 0.53 eV to 0.63 eV as the
temperature increases from 300 K to 425 K. Ideally, the cur-
rent transport mechanism of the Schottky junction is based on
the theory of thermionic emission, and the ideality factor is
equal to unity. The ideality factor of the irradiated SBD is
closer to unity than that of the fabricated devices without irra-
diation treatment, which means that the thermionic emission
is dominated in the transport mechanism in a barrier-limited
range from 300 K to 425 K. The Schottky barrier height can
be expressed as @p, = Py — xs — eV, where Py is the work-
function of anode metal, xs is the affinity energy, and V; is
the interface potential and V; is contributed by the net charges
on the GaN surface, which are induced by the dangling bonds
or native oxide layer, and their image charges on the side of
anode metal, thereby degenerating the ideal performance of
Schottky junction. After proton irradiation treatment, the net

charges at Schottky interface are neutralized, with V; decreas-
ing, which leads the Schottky barrier height increase. Mean-
while, the suppressed interface traps promote the idealized in-
terface property. The increased Schottky barrier height and the
reduced ideality factor of the proton-irradiated device show
that some reactions occur at the M/S interface in the proton
irradiation process and the interface between W anode metal
and the recessed GaN surface becomes more ideal.
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Fig. 4. Temperature-dependent (a) Schottky barrier height and (b) ideality
factor of fabricated GaN/AlGaN/GaN SBDs before and after being irradi-
ated by protons.

The dynamic performance is more sensitive to the irra-
diation than DC performance, and the pulse measurements
of the fabricated GaN/AIGaN/GaN SBDs with and without
being irradiated by protons are carried out by using an Agi-
lent B1505A high-voltage semiconductor analyser system as
shown in Fig. 5. The pulse width and period are set to be
5 ms and 100 ms, respectively. Owing to the reduction of in-
terface state after PAA treatment, the enhancement of M/S in-
terface performance, and the thick in-situ single-crystal GaN
cap layer as the passivation layer, the pulse /-V characteristics
of the fabricated devices show good performance even in the
irradiated sample. Figure 5(c) displays the normalized Ron,dyn
versus anode quiescent base. Because the enhancement of
electrons in the active region, the Ron gyn increases with the
static anode quiescent base rising. The Ron.qyn degrades only
35% and 62% at a quiescent base of —100 V compared to a
quiescent of 0 V, for devices before and after being irradiated
by protons, respectively.
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Fig. 5. Pulse measurements for fabricated GaN SBDs (a) before and (b) after being irradiated by protons. (c) Extracted differential RoN,dyn

versus anode quiescent base.

The long-time stress reliability of GaN/AlGaN/GaN
SBDs before and after being irradiated by protons are evalu-
ated with a consecutive current stress of 50 mA for 1000 s, and
the results are shown in Figs. 6(a) and 6(b), respectively. The
anode is based with a steady current of 50 mA with cathode
grounded for various stress duration, and then the anode volt-
age is swept from O V to 1.5 V. It is obvious that the forward /-
V characteristics show negligible degradation even under the
action of such a long-time stress of 1000 s for both devices.
The fabricated lateral GaN SBDs show good performances un-
der the applied long-time forward current stress even for the

irradiated devices.

120 —— 120 S —
’E\ Stress base = 50 mA ’é\ Stress b_ase =50 mA
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Py — Initial = — Initial
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Forward foltage (V)

O 1 1
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Forward voltage (V)

Fig. 6. Linear-scale forward /-V characteristics of fabricated GaN SBDs (a)
before and (b) after being irradiated by protons with stress current of 50 mA.

Furthermore, the long-time high-voltage reverse stress re-
liability is a key parameter when the devices are used as high-
voltage power switching. Figures 7(a) and 7(b) exhibit the dy-
namic performances of the fabricated devices which are eval-
uated under a consecutive high-voltage stress of —600 V for
100 s before and after proton irradiation, respectively. The
high reverse stress voltage of —600 V is applied to the anode
electrode, with cathode grounded firstly. After that, the for-
ward anode voltage is swept from 0 V to 1.5 V. The RoN,dyn
of the irradiated device only decrease by 14% that of the ini-

tial case, which shows that the fabricated GaN/AlGaN/GaN
SBD has a great potential application in harsh radiation en-
vironment of space. The negative polarization charges at the
GaN/AlGaN interface effectively free from the effects of traps
induced in the radiation process, and make the fabricated de-
vices possess the impressive dynamic characteristics.

120 T T T : 120 T T T :
Stress base = —600 V Py Stress base = —600 V
E 100 [Stress time (a) g 100 Strcss. t.imc (b)
< — Initial ~ — Initial
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Fig. 7. Linear-scale forward /-V characteristics of fabricated GaN SBDs (a)
before and (b) after being irradiated by protons with stress current of 50 mA.

4. Conclusions

The proton-irradiation response of the high-performance
AlGaN/GaN SBDs passivated with in-situ single-crystal GaN
layer is demonstrated. The fabricated lateral GaN SBDs ir-
radiated by 10-MeV protons at a fluence of 10'* cm~2 show
a more idealized M/S interface and a slighter degradation in
forward current than the initial devices. Furthermore, no sig-
nificant degradation in dynamic characteristics is observed for
the irradiated SBDs. The normalized Ron dyn is found to be
only 1.62 times that in the initial case, indicated by a pulse
measurement at a quiescent base of —100 V and 14% degra-
dation after experiencing a reverse voltage stress of —600 V
for 10 s. These results show that the lateral AlGaN/GaN SBDs
passivated with GaN layer have great potential application in

space.
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