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ABSTRACT

Polarization-induced (Pi) distributed or bulk doping in GaN, with a zero dopant ionization energy, can reduce temperature or frequency
dispersions in impurity-doped p–n junctions caused by the deep-acceptor-nature of Mg, thus offering GaN power devices promising prospects.
Before comprehensively assessing the benefits of Pi-doping, ideal junction behaviors and high-voltage capabilities should be confirmed. In this
work, we demonstrate near-ideal forward and reverse I–V characteristics in Pi-doped GaN power p–n diodes, which incorporates linearly graded,
coherently strained AlGaN layers. Hall measurements show a net increase in the hole concentration of 8.9! 1016 cm"3 in the p-layer as a result
of the polarization charge. In the Pi-doped n-layer, a record-low electron concentration of 2.5! 1016 cm"3 is realized due to the gradual grading
of Al0-0.72GaN over 1lm. The Pi-doped p–n diodes have an ideality factor as low as 1.1 and a 0.10V higher turn-on voltage than the impurity-
doped p–n diodes due to the increase in the bandgap at the junction edge. A differential specific on-resistance of 0.1mX cm2 is extracted from
the Pi-doped p–n diodes, similar with the impurity-doped counterpart. The Pi-doped diodes show an avalanche breakdown voltage of #1.25 kV,
indicating a high reverse blocking capability even without an ideal edge-termination. This work confirms that distributed Pi-doping can be incor-
porated in high-voltage GaN power devices to increase hole concentrations while maintaining excellent junction properties.
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GaN-based electronic devices have marked excellent records
for high-frequency, high-power, and high-efficiency applications.1–6

A major underlying reason behind the success is the unique
polarization-induced (Pi) doping scheme, which gives rise to a high-
mobility two-dimensional electron gas (2DEG) without the need for
impurity dopants.7 Recently, a two-dimensional hole gas (2DHG) was
also reported in undoped GaN/AlN structures.8 In addition to the gen-
eration of two-dimensional carriers from a polarization discontinuity
across a heterojunction interface, Pi-bulk or distributed doping for
three-dimensional electron gas9 and hole gas10 with a constant bulk
concentration can also be obtained from a constant polarization gradi-
ent in linearly graded structures.

Since the mobile carriers are induced electrostatically from the
fixed polarization charge, the carriers from Pi-bulk doping will not
freeze out at low temperatures,9,10 i.e., the dopant activation energy is
zero. This important feature not only allows for low-temperature
wide-bandgap electronics, but can also eliminate the frequency disper-
sion caused by deep dopants, such as Mg in GaN.11 Specifically, the
cutoff frequency of charge response will no longer be limited by the
emission rate of deep dopants,12 but will reach the intrinsic limit
imposed by the dielectric relaxation time.13

The unique advantages of Pi-bulk doping have important bearing
on vertical GaN power devices in which p-type doping is widely used.
With the availability of high-quality bulk GaN substrates in recent
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years, high-voltage GaN power p–n diodes have been demonstrated
since 2013,14–25 including the first observation of simultaneous near-
unity ideality factor and avalanche breakdown in 201517 and uniform
avalanche breakdown in 2018.24 In addition, various types of vertical
GaN power transistors have been demonstrated.26–31 Despite the
promising progress, challenges related to Mg-doped p-layers still
remain. First, buried p-GaN layers grown by metal-organic chemical
vapor deposition (MOCVD) are difficult to activate, leading to addi-
tional constraints on the device design and fabrication process.32,33

Second, the deep-acceptor nature of Mg causes frequency dispersion
as mentioned previously, which may compromise the dynamic switch-
ing performance. Third, heavy-Mg doping required in the p-body due
to the low doping efficiency leads to a low electron mobility in inver-
sion MOS channels. With the incorporation of Pi-doping in the p-
layer, these challenges could be mitigated. To this end, we have pro-
posed and made an initial demonstration of a novel vertical power tran-
sistor called PolarMOS,34,35 which features the Pi-bulk doping in the
body p–n junction via graded AlGaN. We have shown that the presence
of polarization charge in the buried p-layer increases the open-base
punch-through voltage despite the presence of H, i.e., passivation of
Mg.36 Other benefits of the Pi-doped p-layer await further investigation.

As a core component in the PolarMOS, the Pi-doped body p–n
junction requires detailed study and should exhibit ideal junction behav-
iors. In addition, a low-enough Pi-doping concentration (<1017 cm"3)
in the n-type drift layer is required for a high breakdown voltage (BV).
Previously, Pi-doped p–n junctions have been reported,10,37–39 but high-
voltage (> 500V) capabilities have not been demonstrated. Recently, we
reported over 1 kV breakdown voltage and avalanche capability in Pi-
doped p–n diodes,40,41 but the n-layer contains a high level of carbon as
compensating centers.41 As a result, the forward I–V characteristics and
polarization charge in the n-side cannot be accurately assessed. To date,
the lowest measured electron concentration in the Pi-doped graded
AlGaN layer is 3.8! 1016 cm"3.42 In this work, we report the realization
of avalanche-capable Pi-doped GaN p–n diode with near-ideal forward
and reverse I–V characteristics. An increase in the hole concentration in

the p-layer due to Pi-doping is confirmed from Hall effect measure-
ments. Through a 1-lm thick graded AlGaN layer, a record-low
electron concentration of 2.5! 1016 cm"3 is realized in the Pi-doped
n-layer.

As shown in Fig. 1(a), the epitaxial structure of the Pi-doped p–n
diode consists of a 0.2-lm nþ-GaN (Si: 1! 1018 cm"3) buffer layer, a
7-lm impurity-doped n"-GaN (Si: #2! 1016 cm"3) drift layer, a
1-lm Pi-doped AlxGaN n"-GaN (x¼ 0! 7.2%) drift layer without
Si-doping, a 450-nm Pi-doped AlxGaN p-layer (x¼ 7.2%! 0) with
an additional Mg doping concentration of 1! 1019 cm"3, and a
20-nm pþþ-GaN capping layer for the anode Ohmic contact. The Mg
doping was designed in the Pi-doped p-layer to minimize compensa-
tion due to point defects and to provide additional acceptors, since at
the present stage the Pi-doping alone with a 7.2% peak Al concentra-
tion does not provide enough negative charge to prevent punch-
through of the p-layer at avalanche breakdown. To study the influence
of the Pi-doping, an impurity-doped p–n diode structure was designed
as a control, as shown in Fig. 1(b). The only design difference is the
absence of the Pi-doping, which is replaced by Si-doping in the drift
layer. Both the pi-doped and impurity-doped samples were grown by
MOCVD on 2-in. bulk nþ-GaN substrates (SCIOCS COMPANY
Ltd.). The schematic cross sections of the fabricated circular p–n
diodes are illustrated in Fig. 1. A beveled field plate was implemented
as the edge termination. The detailed fabrication process of the diodes
is described in our previous work.15 The diode size is defined by the
bottom diameter of the mesa to minimize over-estimation of the
device performance since the effective current-carrying device area is
larger than the anode metal contact area.43

Figure 2 shows secondary ion mass spectrometry (SIMS) analysis
of the Pi-doped sample. The Al composition profile shows good line-
arity. The carbon concentration is reduced to be & 1! 1016 cm"3,
which is much lower than the earlier generation.41 This is enabled by
an increase in the MOCVD temperature during the growth of the
entire n-drift layer for the Pi-doped p–n junction, relative to that of
the impurity-doped p–n junction. The increase in the growth

FIG. 1. Schematic layer structures and device cross sections of the (a) polarization-doped and (b) impurity-doped GaN p–n diodes.
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temperature directly leads to a reduced compensation evidenced by
the extracted net doping concentration (ND-NA) in the Si-doped drift
layer, as will be discussed later.

In order to assess the effectiveness of the Pi-doping in the
p-layer, Hall effect measurements were performed on both Pi-doped
and impurity-doped samples and compared. The measurements were
carried out on lithographically defined van der Pauw structures, with
the pþþ capping layer removed outside of the contact area. Table I
shows the measured hole density and hole Hall mobility at room tem-
perature (296K). The Pi-doped p-layer shows a higher hole concentra-
tion (1.6! 1017 cm"3) in comparison with the impurity-doped p-layer
(7.1! 1016 cm"3). Considering the same Mg-doping concentration in
the two samples and assuming similar levels of compensation and

H-passivation, the increased hole concentration (8.9! 1016 cm"3) can
be attributed to the Pi-doping. The expected polarization charge den-
sity (Npi) can be calculated from the measured Al atomic concentra-
tion (xAl) profile using

7,44

Npi ¼ "5:22! 1013 ! @xAl
@z

cm"3; (1)

where z in cm is the depth from the sample surface. Equation 1 is valid
only when xAl< 0.2 and under the condition that the film is coher-
ently strained. From Eq. (1), the average polarization charge density in
the p-layer is "8.4! 1016 cm"3. The magnitude of the distributed
polarization charge is very close to the increase in the hole concentra-
tion. The agreement suggests that the graded Al0.072GaN layers are
most likely coherently strained. To confirm this, x-ray diffraction
reciprocal space mapping (RSM) is performed on the Pi-doped sam-
ple. Figure 3 shows the RSM of the asymmetric (105) reflection. It can
be seen that the Pi-doped graded AlGaN layers are coherently strained
to GaN. A slightly lower hole Hall mobility in the Pi-doped p-layer
(17.1 cm2/V s) is observed relative to that in the impurity-doped p-
layer (23.2 cm2/V s), likely due to the presence of alloy scattering.

To measure the net doping concentration in the n-drift region,
capacitance–voltage (C–V) measurements were performed on diodes
with 407-lm diameter at 100 kHz on both samples. To minimize para-
sitic capacitance at the device edge, large diodes with 407-lm in diam-
eter without the field plate were measured. No frequency dispersion
was observed between 10 kHz and 1MHz. This is due to the insensitiv-
ity to depletion edge effects in the pþ-n" junctions, where the hole
concentration in the pþ-layer is much higher than the electron con-
centration in the n-layer.11 Figure 4 shows the extracted ND-NA profile
in the Pi-doped sample, as well as the polarization charge profile as

FIG. 2. SIMS analysis of the Pi-doped p–n diode sample. (a) Profiles of Mg doping and graded Al composition in the Pi-doped layers. (b) Si doping concentration and H, C,
and O levels in the epitaxial layers.

TABLE I. Hall effect measurement results on the p-layers at room temperature
(296 K). Also shown is the hole concentration difference between the Pi-doped and
impurity-doped samples as well as the calculated polarization charge density in the
Pi-doped p-layer from the SIMS results.

Sheet
density
(cm"2)

Hall
mobility
(cm2/V s)

P-layer
thickness
(nm)

Bulk
concentration

(cm"3)

Impurity-doped þ3.2! 1012 23.2 450 þ7.1! 1016

Pi-doped þ7.2! 1012 17.1 450 þ1.6! 1017

Difference þ4.0! 1012 N/A N/A þ8.9! 1016

Calculated
polarization
charge (SIMS)

"3.8! 1012 N/A 450 "8.4! 1016
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calculated from Eq. (1). The slight deviation from an ideal linear xAl(z)
profile leads to distinct features in the Npi profile, with the most prom-
inent peak located near 1.5lm below the sample surface. Within the
Pi-doped n-layer, the extracted ND-NA profile closely follows the Npi

profile, suggesting that polarization charge is indeed present. The aver-
age value of ND-NA is 2.5! 1016 cm"3 in the Pi-doped n-layer. This
number is slightly lower than the average Npi value of 3.8! 1016 cm"3,
likely due to point defect compensation. The ND-NA in the lower Si-
doped n-layer is 8.6! 1015 cm"3. This value is found to be higher than
that in the impurity-doped sample, which shows an average ND-NA of
#2! 1015 cm"3. Since the target Si-doping concentration is the same in
these two samples, the difference in ND-NA is ascribed to different

compensation levels due to slightly different growth conditions. As men-
tioned earlier, the entire n-drift layer of the Pi-doped sample was grown
at a slightly hotter temperature, leading to a lower level of carbon incor-
poration. Because of the difference in ND-NA, one needs to compare the
electric-field distribution between the two types of devices instead of a
direct comparison of their breakdown voltages, as detailed later.

Figure 5 shows the forward I-V characteristics of both the
Pi-doped and impurity-doped p–n diodes. The diodes all show
textbook-like near-ideal turn-on behavior: a Shockley–Read–Hall
(SRH)-recombination-dominated region below #2.6V with an ideal-
ity factor of #2.0, followed by a diffusion-dominated region with
near-unity ideality factor (#1.1 in the Pi-doped diode). Detailed

FIG. 3. X-ray diffraction reciprocal space mapping (RSM) of the asymmetric (105)
reflections of the Pi-doped sample. The identical in-plane lattice constant confirms
that the Pi-doped graded AlGaN layers are coherently strained to GaN.

FIG. 4. Extracted net doping concentration (ND-NA) profile from capacitance–volt-
age (C–V) measurements on the Pi-doped sample and the calculated polarization
charge profile from the SIMS measurement. A dielectric constant of 10.4 e0 for
GaN was used in the C–V analysis and throughout this study.

FIG. 5. Forward I–V characteristics of the Pi-doped p–n diode in comparison with the impurity-doped p–n diode.
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analysis of the turn-on behavior in the same impurity-doped diode
has been reported in Ref. 17, so will not be repeated here. Notably, the
turn-on voltage of the Pi-doped p–n diode is 0.10V higher. This has
been confirmed on all measured devices with no size-dependence.
Such a difference can be primarily attributed to the increase in the
bandgap in the Pi-doped p–n junction, where a maximum bandgap
increase in 0.13 eV is expected at the junction edge.45 This value is
similar with the measured increase in the turn-on voltage. The differ-
ential specific on-resistance (Ron,sp) after turn-on for both types of
diodes is below 0.4mX cm2 and shows a decrease with the increase in
forward bias. The Pi-doped diode exhibits lower differential Ron,sp at
the same forward bias, likely due to the higher average net doping con-
centration in the n-drift region. At 11 kA/cm2 (the current compliance
during measurements), the differential Ron,sp reaches #0.1mX cm2 in
both diodes. The nonlinearity of the I–V characteristics and the corre-
sponding decrease in differential Ron,sp after the full turn-on of the
diodes are likely caused by a combination of multiple effects, including
non-linearity of the p-Ohmic contacts, conduction modulation due to
hole injection into the drift layers, and photo-recycling effects.46

Figure 6 shows the temperature-dependent reverse I–V character-
istics of the Pi-doped p–n diode. The extracted breakdown voltage
(defined at 1A/cm2) increases with the increase in temperature. This is
a signature of avalanche breakdown and is highly desirable in practical
power devices. The increase in avalanche breakdown voltage with the
increase in temperature is due to the increase in the phonon scattering
rate, which leads to a reduction of the impact-ionization coefficients.
Similar breakdown behaviors were observed in our previous generation
of the Pi-doped p–n diodes in which avalanche breakdown was con-
firmed with the assistance of optical excitations.40,41 A high room-
temperature BV of 1252V is achieved, thanks to the low net doping
density in the Pi-doped n-layer, which allows for the spreading of the
electric-field across the whole drift layer. Together with the low Ron,sp
of 0.1mX cm2, the high avalanche BV in the Pi-doped p–n diode
results in a Baliga’s figure-of-merit (BV2/Ron,sp) of 15.7GW/cm2,
similar with state-of-the-art impurity-doped GaN p–n diodes.14–23

The impurity-doped p–n diodes [Fig. 1(b)] also show avalanche
breakdown, as reported in our previous work.17

The electric-field profile in the 8-lm-thick n-drift layer is calcu-
lated at BV for both samples by solving Poisson’s equation in one-
dimension, as shown in Fig. 7. The net doping profiles are simplified
based on the actual profile extracted from C–V measurements. Since
both the p-layer above and the nþ buffer layer underneath the n-drift
layer are much more heavily doped compared with the n-drift layer,
their depletion widths are much smaller than the n-drift layer thick-
ness that can be neglected in the calculations. It is clear that both
samples feature a fully depleted n-drift layer at BV due to the punch-
through (PT) design. At the metallurgical junction interface, the
apparent breakdown electric field in the Pi-doped diode is calculated
to be 2.43MV/cm. On the other hand, the impurity-doped diode has a
lower apparent breakdown electric field of 1.92MV/cm despite a
higher room-temperature avalanche BV of 1406V.17 This is largely
due to the lower ND-NA in the n-layer of the impurity-doped diode, as
shown in Fig. 7. Due to the difference in ND-NA, neither the apparent
breakdown electric field nor the breakdown voltage is directly compa-
rable between the two samples, as the breakdown field is known to
increase with the increase in ND-NA,

47 while the BV depends on both
the ND-NA profile and the drift layer thickness. It is also difficult to
benchmark the extracted apparent breakdown electric fields against
the near-ideal breakdown electric field of GaN as a function of net
doping concentration recently established in Ref. 47, since the break-
down electric field is defined under non-punch-through (NPT) condi-
tions while both of our diode samples are of PT design.

It should be noted that the apparent breakdown fields based on
the 1D modeling in both samples are expected to be higher with better
edge termination, since the presence of electric-field crowding is still
expected at the device edge with our unoptimized field-plate design.
Due to the larger bandgap of AlGaN at the junction edge, a larger
breakdown field is expected in Pi-doped p–n diodes compared with
the ideal GaN values. This is another advantage of Pi-doped p–n junc-
tions based on graded AlGaN. To verify this experimentally in the

FIG. 6. Reverse I–V characteristics of the Pi-doped GaN p–n diode under different
temperatures, confirming avalanche. Inset: extracted breakdown voltage at 1 A/cm2

vs temperature. The impurity p–n diodes also show robust avalanche as reported in
our earlier work,17 so not shown here.

FIG. 7. Calculated 1D electric-field profile at the breakdown voltage in the Pi-doped
and impurity-doped p–n diodes. The apparent charge profile extracted from C–V
measurements (squares) and the simplified models (dashed lines) used for the
electric-field calculation are also shown.
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future, the net doping profile in the drift layer of the impurity-doped
diode as a control should be made identical with the Pi-doped diode.

In conclusion, near-ideal forward and reverse I-V characteristics
were demonstrated in polarization-doped GaN p–n diodes employing
AlGaN layers with a linearly graded Al composition between 0 and
7.2%. Pi-doping through coherently strained AlGaN was confirmed
by two signatures: (i) an expected increase in hole concentration
(8.9! 1016 cm"3) in the Pi-doped p-layer was observed from Hall
effect measurements, and the measured value agrees well with the
expected value; (ii) a measuredND-NA profile from C-Vmeasurements
in the Pi-doped n-layer shows excellent agreement with the expected
polarization charge profile. The Pi-doped p–n diode exhibits a high
avalanche breakdown voltage of #1.25 kV, thanks to the record-low
net doping concentration of 2.5! 1016 cm"3 in the Pi-doped n-layer.
A decent apparent breakdown electric field of 2.43MV/cm is extracted
despite the non-ideal edge termination. The near-ideal junction behav-
iors serve as solid proof that Pi-bulk doping is feasible to be incorpo-
rated in GaN devices. The benefit of increased hole concentration
from Pi-doping has been confirmed, while other projected advantages,
such as the reduction of temperature and frequency dispersion, require
further investigations. This demonstration together with the demon-
stration of laser diodes with the shortest wavelength of 271.8 nm by
Zhang et al.48 indicates that distributed polarization doping available
in AlGaN presents some uniquely competitive advantages in compari-
son with other wide bandgap semiconductors.
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