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Abstract— We demonstrate that the residual carbon con-
centration in the drift region can have a significant impact
on the reverse leakage, breakdown voltage, and break-
down stability of GaN-on-GaN vertical diodes. Two gen-
erations (Gen1, Gen2) of polarization-doped p-n junctions
with different C concentrations were compared, in terms
of avalanche voltage, avalanche instability, and deep-level
concentration. The original results collected within this
paper show that: 1) both generations of devices can safely
reach the avalanche regime; diodes with a lower residual
CN have a higher reverse leakage and a lower avalanche
voltage, due to an uneven distribution of the electric field;
2) the presence of residual carbon can lead to breakdown
walkout, i.e. a recoverable increase in breakdown voltage
under reverse-bias stress. Specifically, devices with higher
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C concentration show a fully-recoverable breakdown walk-
out, whereas the breakdown voltage is stable in devices
with lower C concentration;and 3) steady-state photocapac-
itance measurements confirm the presence of CN in both
generations, and are used to assess the relative difference
in concentration between Gen1 and Gen2, even for levels
below secondary ion mass spectroscopy (SIMS) sensitivity.
The results described in this paper indicate the existence
of a trade-off between breakdown voltage (increasing by
improving compensation) and breakdown stability (improv-
ing by reducing CN concentration) and are of fundamental
importance for the optimization of GaN power devices.

Index Terms— Avalanche, breakdown, carbon, gallium
nitride, p-n junction, vertical diodes, wide bandgap.

I. INTRODUCTION

VERTICAL GaN devices are promising for next-
generation power electronics, thanks to the high current

densities and breakdown voltages. The basic units of verti-
cal transistors are the GaN-on-GaN diodes, and diodes with
avalanche capability are strongly desired for the development
of high-voltage devices. Despite the relevance of the topic,
only a few papers investigated the avalanche regime of vertical
GaN diodes (see for instance [1]–[7]), and the dependence of
avalanche voltage on material and device properties still has to
be described in detail. In addition, the stability of devices in the
avalanche regime has been investigated only preliminarily [7].

The aim of this work is to contribute to the understanding
of the physical processes responsible for avalanche and break-
down walkout in GaN-on-GaN vertical diodes. The focus is on
the impact of residual carbon concentration on leakage current,
breakdown voltage, and breakdown stability.

II. EXPERIMENTAL DETAILS

This study was carried out on polarization-doped
GaN-on-GaN diodes, which are currently emerging as
an alternative to impurity-doped p-n diodes. These devices
allow obtaining a higher breakdown voltage, thanks to the
larger bandgap of the AlGaN, and no-carrier freeze-out when
the temperature decreases, thanks to the contribution of
polarization charge to free carrier density [8], [9]. In addition,
they are expected to have a faster dynamic response, since
p-type conductivity is not obtained through the use of the
deep Mg acceptor [10].
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Fig. 1. (a) Structure of the devices under test. (b) Band diagram of a
polarization-doped GaN-based p-n diode.

A schematic representation of the devices under test and the
corresponding band diagram are shown in Fig. 1; we studied
two generations of polarization-doped p-n diodes grown by
metal-organic chemical vapor deposition (MOCVD) with the
same structure. On a GaN substrate, five layers consist-
ing of a Si-doped n+ GaN layer (200 nm) with a doping
ND ∼ 1018 cm−3, a Si-doped n-GaN layer (7 μm) with a
doping ND ∼ 2 × 1016 cm−3, a n-type linearly graded AlGaN
layer with the Al composition graded up from 0% to 5.6%
(1 μm), a p-type linearly graded AlGaN layer with the oppo-
site Al composition gradient (from 5.6% to 0%) (0.4 μm),
and Mg-doped p GaN layer (20 nm) with a doping higher
than 1020 cm−3 were grown. The analyzed diodes were opti-
mized for high breakdown voltage through the use of a field
plate [4], [11]. In the devices under test, no intentional carbon
doping is present, but a residual concentration was detected
by secondary ion mass spectroscopy (SIMS) (Fig. 2). The
difference between the two generations lies in the fact that
Gen1 samples have a much higher carbon concentration in
the drift layer, compared to Gen2 devices.

III. EXPERIMENTAL RESULTS

Since for Gen2 devices the carbon concentration is below
the SIMS sensitivity limit, we carried out steady-state pho-
tocapacitance measurements (SSPC) to evaluate the presence
and density of carbon in the drift region, and the difference
in concentration in Gen1 and Gen2 devices. The measure-
ment consists of the analysis of the capacitance transients
induced by exposure to monochromatic light of increas-
ing photon energy between 1.5 and 3.6 eV. The results of
SSPC measurements are reported in Fig. 3. By analyzing
the steady-state photocapacitance spectrum reported in Fig. 4,

Fig. 2. SIMS data of the devices of Gen1 and Gen2 under test; the
blue curve is the silicon concentration and the red curve the carbon
concentration.

Fig. 3. Capacitance transients obtained using different wavelengths of
monochromatic incident light during SSPC measurements in the devices
of (a) first generation and (b) second generation.

a change in the slope of the SSPC spectrum is visible at
about 2.5 eV both in Gen1 and Gen2 devices, indicating
an emission process of carriers from a deep level located
2.5 eV below the conduction band. This is consistent with the
level attributed to substitutional carbon (CN) defects [12]. The
results of these measurements show that Gen2 devices have a
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Fig. 4. Comparison between the steady-state photocapacitance spec-
trum in (a) linear scale and (b) semilog scale in the two sets of devices;
a change in the slope of the steady-state photocapacitance spectrum is
visible at ∼2.5 eV both in Gen1 and Gen2.

Fig. 5. I–V characteristics at different temperatures of devices of the
first generation (solid lines) and second generation (dotted lines).

much lower CN density; for Gen1 and Gen2, concentrations
of 1.7 × 1016 cm−3 and 6.7 × 1014 cm−3 were extracted
(Fig. 4). Therefore, SSPC has been proved to be an effective
method for evaluating carbon density at low concentrations,
close to the sensitivity of SIMS; the values obtained by SSPC
represent the CN concentration, differently from SIMS, which
gives the chemical concentration. Results demonstrate that
Gen2 devices have a much lower residual carbon compared
to Gen1.

The avalanche capability of the polarization-doped diodes
was investigated by means of I–V characterization under
reverse bias at different temperatures. The two generations of
diodes show a different behavior, as can be seen in Fig. 5.

Gen1 devices have a low leakage current up to a break-
down voltage about equal −1370 V (30 ◦C); by analyzing
the reverse voltage for a current density of −100 mA/cm2,
a positive temperature coefficient is found, with a slope of
0.50 V/◦C [see Fig. 6(a)], suggesting the presence of impact
ionization [6], [7]. On the other hand, Gen2 devices show a
higher leakage current and a lower avalanche voltage (−935 V
at 30 ◦C). The temperature coefficient is still positive, but with
a slope of 0.27 V/◦C [see Fig. 6(b)] (calculated for a current
density of −100 mA/cm2), slightly lower than Gen1 and
previous articles dealing with avalanche capable GaN-on-GaN
p-n diodes [1], [3]. Therefore, the first generation of samples

Fig. 6. Dependence of breakdown voltage on temperature; the temper-
ature coefficient is positive with a slope of (a) 0.50 V/◦C for the devices
of the first generation and (b) 0.27 V/◦C for the devices of the second
generation.

Fig. 7. Electric field distribution in the devices of Gen1 (solid lines) and
Gen2 (dotted line) calculated by using numerical TCAD simulations.

has a higher breakdown voltage and lower leakage. To deeply
understand the difference in breakdown voltage and leak-
age current in the two generations, numerical technology
computer-aided design (TCAD) simulations were carried out.

Fig. 7 reports the electric field at −1000 V for the two
devices; as can be noticed, in Gen1 samples, the higher CN

concentration leads to a better compensation of the Si-doped
drift region and to a nearly flat electric field profile. On the
other hand, the lower CN density in Gen2 results in a nonideal
compensation; the drift region has a n-type conductivity, and
the E-field shows a marked decreasing trend in the drift
region. As a consequence, for the same voltage, Gen2 devices
have a much higher electric field than Gen1. At the failure
voltage (∼1000 V), the peak field in Gen2 devices is around
2.5 MV/cm. In Gen1, the same field is reached at 1375 V
(see Fig. 7), which is close to the experimental failure voltage
(Fig. 5).

Another fundamental issue for high reverse voltage oper-
ation is the stability of the breakdown voltage during pro-
longed operation in the avalanche regime. To analyze if the
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Fig. 8. Time-dependence of breakdown voltage at 50 ◦C. The breakdown
voltage increases during the stress time (Jstress = −1 mA/cm2) in
the first generation (black curve) and decreases during the stress time
(Jstress−100 mA/cm2) in the second generation (red curve).

Fig. 9. Ratio between the breakdown voltage during stress [BV(t)] and
the breakdown voltage at the end of the stress (BVfinal) as a function of
time (a) in the first generation and (b) in the second generation at different
temperatures.

breakdown voltage was stable, the devices were submitted to
a constant current stress for a relatively long time in avalanche
conditions (with a current density Jstress = −1 mA/cm2 and
−100 mA/cm2 for Gen1 and Gen2, respectively, i.e. a cur-
rent level two order of magnitude higher than the current
corresponding to the onset of the avalanche mechanism)
and the measurements were repeated at different ambient
temperatures. The devices of the two generations exhibit
a substantially different behavior of the time-dependence
of the breakdown voltage under the avalanche regime
(Figs. 8 and 9). In particular, for Gen1 devices, the stress
in the avalanche regime causes an increase in the break-
down voltage with increasing stress time [Figs. 8 and 9(a)].

This effect is known as breakdown walkout [13]–[15] and,
according to [6] and [7], could originate from the time-
dependent ionization of carbon acceptors, induced by the high
reverse bias. Once more and more CN atoms are ionized,
the increased Coulomb and phonon scattering reduces the
mean-free path, thus leading to an increase in breakdown
voltage. In [6] and [7], no experimental demonstration of the
role of carbon on the avalanche walkout was given.

The results in Figs. 8 and 9 clearly confirm that the density
of carbon impacts on the stability of avalanche voltage.
Remarkably, Gen2 devices showed a small decrease in the
breakdown voltage during operation in the avalanche regime
[Figs. 8 and 9(b)]. Similar behavior was observed also by
Rackauskas et al. [16] and was ascribed to impurity band
conduction along dislocations. The absolute variation in break-
down voltage is much lower in Gen2 devices, thus indicating
better stability in avalanche regime.

IV. CONCLUSION

In summary, we demonstrated the existence of a trade-off
between leakage current, breakdown voltage, and breakdown
stability, depending on the residual carbon concentration in
polarization-doped (Al)GaN vertical p-n diodes. Lowering the
residual carbon improves the stability of breakdown voltage,
but leads to an increase in the leakage and a decrease in
breakdown limit. This is because lowering CN concentration
results in a non-optimized compensation of the drift region,
with consequences on the electric field distribution. The CN

concentrations in the two sets of samples were analyzed by
means of SSPC measurements, which has been proved to
effectively estimate CN density below the SIMS sensitivity
limit.
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