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Abstract

We carefully investigate three important effects including postgrowth activation annealing, delta
(9) dose and magnesium (Mg) buildup delay as well as experimentally demonstrate their
influence on the electrical properties of GaN homojunction p—n diodes with a tunnel junction
(TJ). The diodes were monolithically grown by metalorganic chemical vapor deposition
(MOCVD) in a single growth step. By optimizing the annealing parameters for Mg activation,
J-dose for both donors and acceptors at TJ interfaces, and p™-GaN layer thickness, a significant
improvement in tunneling properties is achieved. For the TJs embedded within the
continuously-grown, all-MOCVD GaN diode structures, ultra-low voltage penalties of 158 mV
and 490 mV are obtained at current densities of 20 A cm~2 and 100 A cm~2, respectively. The
diodes with the engineered TJs show a record-low differential resistivity of 1.6 x 10™* 2 cm? at

5kA cm™2.

Supplementary material for this article is available online
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1. Introduction

Since the successful demonstration of p-GaN as an active
layer [1], GaN-based devices have drawn significant atten-
tion in the area of optoelectronics [2, 3] and power electron-
ics [4, 5]. While III-nitride light emitting diodes (LEDs) have
been commercially available, a long-standing challenge of
reduced external quantum efficiency at higher current levels
remains, which limits the usability of LEDs for high intens-
ity applications. One way to circumvent the efficiency droop
issue is to use multiple active region LEDs connected by tun-
nel junctions (TJs) [6]. To achieve this, it is critical to develop
TJs that have low added voltage penalty across them to reduce
electrical losses in such cascaded LEDs. While there have been
significant efforts made over the last decade in developing

1361-6463/21/155103+8$33.00

low-resistance TJs [7], there are still some challenges associ-
ated with achieving low voltage-drop TJs using metal organic
chemical vapor deposition (MOCVD).

One of the major challenges for achieving low-resistivity
GaN TJs via MOCVD is the activation of magnesium (Mg)
dopants in the buried p-GaN layers. Hydrogen (H), which
forms a stable complex with Mg acceptors, has low diffusiv-
ity through the n-type GaN layers [8, 9], and therefore, activ-
ation of p-type GaN through overlying n-type GaN layers is
challenging. The well-known technique of high-temperature
annealing at 725 °C enables dissociation of the Mg—H com-
plex, and diffusion of the H species laterally, enabling an
activated p-GaN layer [10, 11]. Despite the reasonably good
electrical performance seen in devices with small dimen-
sions (<50 pum) using such a high-temperature process causes

© 2021 IOP Publishing Ltd  Printed in the UK
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large-area devices to suffer from insufficient activation, result-
ing in higher voltage penalties [12—14]. The MOCVD growth-
induced Mg-memory [15] and Mg buildup delay effects
[15, 16] introduce added challenges towards achieving the
sharp doping profiles necessary for efficient GaN TJs. Non-
etheless, an all-MOCVD process is highly preferred for its
efficacy in terms of providing better-quality InGaN multi
quantum well-based active region, enabling high manufac-
turing throughput and cost-effective devices. Hence, further
development of an activation annealing process for buried Mg
dopants and p-doping engineering within the diode structure
are essential so that uniform and reproducible large hole con-
centrations can be obtained even in large-area devices.

Among several approaches, sidewall activation of Mg:GaN
layers through an optimized postgrowth annealing process is
one of the simplest techniques to improve. This is usually
done by exposing the buried p-GaN through dry-etched side-
walls. It is commonly believed that Mg activation occurs as
a result of the thermal dissociation of Mg—H complexes fol-
lowed by the removal of the H' ions, and this process is sig-
nificantly enhanced as the annealing temperature increases.
Another approach to obtaining high p-type doping is introdu-
cing a delta (6) dose at the doped layer interfaces [17-19].
Compared to a continuously doped layer, the §-dose layer
shows an order of magnitude higher carrier concentration.
The reasons behind this improvement are reduced Mg self-
compensation [18], reduction of surface defects [20] and Mg
buildup delay compensation [16]. Moreover, a polarization-
engineered heterostructure by inserting a thin InGaN inter-
layer within the TJ shows great promise for interband tunnel-
ing [21, 22]. While the InGaN interlayer leads to excellent TJ
performance, its presence in transparent GaN TJs may degrade
the performance of cascaded LED structures through optical
absorption.

Yuka et al demonstrated H' outdiffusion by exposing the
sidewalls of the p-GaN layers after a mesa formation and
annealing the sample at 725 °C [12]. Recently, Akatsuka et al
demonstrated sidewall-activated GaN TJ with differential res-
istivity as low as 2.4 x 10~* 2 cm” at 5 kA cm~2 for a single
run without any regrowth [23]. However, a controlled overlap
between Mg and Si dopants reported in the work may affect the
reproducibility of the device performance. So far, MOCVD-
grown TJs [3, 13, 14] exhibit higher voltage penalty compared
to structures grown by PAMBE [24, 25], either as all-MBE
or hybrid MBE/MOCVD structures [26-28]. This is partly
because MBE grown p-GaN does not suffer from H passiva-
tion. Previous state-of-the-art results on MOCVD TlJs [29, 30]
and MBE TlJs [21, 22] employed non-transparent InGaN inter-
layers to achieve low TJ voltage penalty.

In this experimental study, we report a significant reduc-
tion in voltage penalties of all-MOCVD-grown and InGaN
interlayer-free GaN p-n homojunction TJs. Three methods
were employed and their roles towards improving the tunnel-
ing properties are carefully investigated. We first investigated
the effect of postgrowth activation annealing on the TJ res-
istance. The remaining two methods related to doping engin-
eering through a d-dose for both donors and acceptors at TJ
interfaces as well as optimizing p*-GaN layer thickness to

overcome the slow Mg response were also attempted. Utiliz-
ing these methods, ultra-low voltage penalties of 158 mV at
20 A cm~2 and 490 mV at 100 A cm~2 are achieved, which
represent some of the lowest values to-date for MOCVD-based
single-step grown TJs buried in GaN p—n diodes.

2. Experimental description

The p—n diode structure used in this study were grown by
MOCVD in a Taiyo Nippon Sanso SR4000HT reactor at atmo-
spheric pressure. C-plane sapphire with a micron-thick GaN
template layer was used for the growth. The structure consists
of 500 nm-thick nt-GaN for a bottom n-side ohmic contact,
200 nm n-GaN with a Si concentration of 2 x 10'® cm~* and
90 nm p-GaN with an Mg concentration of 3 x 10" cm™3.
On top of the p—n junction, the TJs, comprised of two heav-
ily p- and n-doped GaN layers with Mg and Si concentrations
of 2 x 102 ¢m—3 and 3 x 10%° c¢cm3, respectively, were
grown. The growth temperature during the p™-GaN growth
was 950 °C. The growth was ended with a 500 nm-thick n-
GaN layer to ensure good current spreading and to recover any
growth defects.

For the §-dose study, a Si d-dose layer was included
between the p* and n™ layer, referred to as the sample ‘Si-
5’, whereas for the sample ‘Mg-6’, Mg §-dose was introduced
between the p and p™ layer. One sample with a TJ but without
any d-dose, referred to as ‘No-5” was also grown for a com-
parison. Note that the ‘Si-8” sample was used for the activation
experiment where the annealing parameters, such as temper-
ature and time, were optimized using the multiple pieces. To
investigate the Mg buildup delay effect, four Mg-§ TJ samples
with p™ GaN thicknesses of 6 nm, 9 nm, 12 nm and 18 nm
were grown. Figure 1 schematically shows the layer structures
of all the test samples used in this study.

After the materials growth, the samples were carefully
examined under a standard optical microscope. Figure 2(a)
shows the Nomarski image of the all-MOCVD-grown p-n
diode samples with a TJ, where no pits or defects can be seen.
The surface morphology and topography of the samples were
examined using atomic force microscopy (AFM). Figure 2(b)
shows the AFM image of the as-grown structures, exhib-
iting a peak-to-peak variation of only ~7 nm and a root-
mean-square (RMS) roughness value of 0.8 nm for the
scan area of 10 um x 10 pm. After the activation anneal-
ing, the RMS surface roughness is found to be approx-
imately twice that of the as-grown sample, which is evid-
enced by the AFM data shown in figure S1 (available online
at stacks.iop.org/JPD/54/155103/mmedia). For the samples,
square mesas with 54 pum, 74 pym and 105 pm sides were
defined by standard UV lithography and subsequent dry etch-
ing, down to the bottom n*-GaN layer in a BCI3/Cl/Ar gas
mixture. These three arbitrary sizes of the square mesas were
used in this study to measure area-dependent electrical prop-
erties.

Prior to metal deposition, activation annealing was per-
formed using a rapid thermal annealing system in the temper-
ature range of 900 °C-970 °C. A pure N; gas environment was
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Figure 1. Schematic epitaxial layer structures of the samples with identical p—n diodes. Four samples including (a) TJ with no 6-dose
(no-5), (b) TJ with Mg 6-dose (Mg-5), and (c) TJ with Si 5-dose (Si-8), and (d) Mg-6 TJ with different p™ GaN cap thickness were studied.

'm‘ GaN epilayer

Bottom contact

Figure 2. (a) Nomarski microscopy, and (b) 10 x 10 pmz AFM
image of the as-grown sample. (c) Schematic cross-section, and
(d) optical microscope image of the fully-processed square-shaped
test diodes.

used during annealing since this environment is proven to be
sufficient for good electrical and optical performance of LEDs
[31]. The n-side ohmic contact was then formed by depositing
Ti/Al/Ni/Au (20/120/30/50 nm) on n-GaN followed by anneal-
ing at 850 °C for 30 s. An optoelectronic device-compatible
fabrication process was employed with an objective of effi-
cient light collection from the backside of the devices. Con-
sidering Al to be more reflective than Ti, the p-side Al/Ni/Au
top metal stack with thicknesses of 30/30/150 nm was used
in order to achieve high reflectance [32]. After the top contact
deposition, the p—n diode was annealed at 500 °C for 1 min in
N, atmosphere.

3. Results and discussion

In order to understand the roles of three techniques on
the improvement of the diode electrical properties through

reduced voltage penalties of TJs, it is important to determ-
ine the true voltage-drop of the TJs from the measured
current—density—voltage characteristics. For that, we first cal-
culated the voltage drop for the p—n junction using the ideal
diode equation (1).

Duny Dppn} V—Ir,) /nkT
J=gq| = DR (VT )
q[ L L

where J is the current density, D, and D, the diffusion coeffi-
cients, L, and L, diffusion lengths, n, and p, minority carrier
density, V calculated voltage drop across diode without TJs,
rs series resistance at a particular current density and ideality
factor of the p—n diode 7 = 1. The series resistance caused
by only the sheet resistance at the doped epilayers and the
top p-side n-contact resistance were included in equation (1).
The resistance due to the large-area bottom rn-side contact on
the highly-doped n-template layer was negligible. The forward
voltage penalty of the TJs can then extracted by

AV =V, -V, (2

where AVryy is the TJ voltage penalty and V) is measured
forward voltage for the p—n diode with TJ samples at the
same current density. Throughout the paper, the associated
TJ voltage penalty at the two current density values, i.e.
20 A cm~2 and 100 A cm~? as a device performance metric is
calculated. The reason why 20 A cm ™~ is chosen is peak EQEs
for blue LEDs appears around that current density [28, 33].

3.1. Sidewall activation

A sidewall activation process is critical to achieving low
and repeatable electrical properties across relatively large-area
devices. For an effective thermal activation process, limited
to lateral diffusion of H™ in p-GaN layer, a long anneal-
ing time and high temperature are needed [3, 12]. To pre-
vent the device performance degradation through interlayer
diffusion, the activation temperature is usually kept below
750 °C by employing a long annealing time [12, 14]. How-
ever, the long annealing time is still sometimes insufficient for
large-area devices [3, 13]. Our experimental study shows that
the electrical properties of MOCVD-grown p—n devices can
be drastically improved by an optimized activation annealing
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Figure 3. (a) Voltage- and differential resistivity vs current density
characteristics, and (b) voltage penalty of the devices activated in
different annealing conditions at the current densities of 20 A cm™
and 100 A cm 2.

2

process without sacrificing optical performance. Figure 3(a)
shows the measured voltage and differential resistance versus
current density characteristics of the p—n junctions prepared at
various activation parameters including annealing temperature
and time. As can be seen, there is a decrease in voltage drop
due to reduced series resistance as the temperature increases
from 900 °C and/or the duration increases from 15 min. The
voltage drop for each device was measured at 20 A cm™—2 and
100 A cm~2 and plotted in figure 3(b). The voltage penalty
variation across the devices is observed to be small except
for the ‘900 °C—15 min’ samples, which shows 400 mV less
voltage drop at 100 A cm~?2 compared to the ‘900 °C—15 min’
sample. It is worth noting that no significant change in the
reverse leakage current is observed, which indicates that the
p-n diodes remain unchanged in terms of the electrical prop-
erties, resulting in minimum or no device degradation.

The diffusion of H™ has a square root relationship with the
product of duration of the activation process and the diffusion
coefficient, where the diffusion coefficient has an exponential
dependence on temperature [14, 34]. As the n™-GaN layer acts
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Figure 4. (a) Voltage drop at 20 A cm ™2 as a function of side
length activated at different annealing conditions, and (b) J-V
characteristics activated at the optimized condition ‘900 °C 30 min’
for the square-shaped devices.

as a blocking layer, preventing H' from diffusing upward,
the H™ ion diffusion in p-GaN layers is confined to the lat-
eral direction. Once the p-GaN layer is completely activated,
the electrical characteristics are expected to be independent
of the device size. Figure 4(a) shows the voltage penalty at
20 A cm™2 as a function of the side-length of square-shaped
devices. The voltage drop is nearly independent of the device
size as the annealing time and temperature reach an optimum
value. In our study, ‘900 °C-30 min’ provides the device size
independent electrical properties, which cannot be explained
by the sole diffusion process. In fact, a deviation from the
usual diffusion-driven process is observed when the smal-
lest 54 um device shows full-activation like behavior, causing
almost same voltage penalty as the largest 105 pm device after
annealing for 30 min at 900 °C. Prior studies show that the
activation of p-GaN is controlled by the surface-barrier effect
and surface H* removal process in addition to lateral diffusion
of HT [35-37].

The overall voltage drop is found to be the lowest for
devices annealed at 970 °C—15 min. However, to keep the
thermal budget as low as possible, the ‘900 °C-30 min’
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annealing condition is a practical compromise, as only 50 mV
of extra voltage penalty at 100 A cm 2 is recorded with respect
to ‘970 °C-15 min’. For the ‘900 °C-30 min’ sample, the
J-V characteristics of different device sizes are plotted in
figure 4(b), showing the excellent convergence of the curves.
This suggests a uniform Mg doping distribution across all the
devices from the optimized activation process. A slight devi-
ation of current density among the devices at a voltage of >4 V
could be attributed to the self-heating of the test devices.

3.2. Delta dose

The effects of §-dose on TJs and the resulting electrical proper-
ties were investigated next. For that, our optimized activation
process was employed to another set of samples with different
d-doses in the TJs. In addition to improving electrical conduct-
ivity, the §-dose is expected to significantly impact an interface
morphology. As a matter of fact, with an introduction of Mg
and Si -dose on materials, a reduction in dislocation density
by a factor of x 10 and x2, respectively, was previously repor-
ted [38, 39]. This can be possibly understood through a growth
interruption required during the §-dose introduction, when dis-
location density propagation can be partially terminated [39].
Moreover, the Mg d-dose influences the reduction of the Mg
impurity self-compensation and enhancement of free carrier
concentration for GaN and AlGaN [39].

Considering the aforementioned benefits, Mg-0 samples
with two sheet charge densities of 2.2 x 10> cm~? and
4.5 x 10" cm™? (figure 1(b)) and a Si §-dose sample with
a sheet charge density of 3 x 10'3 cm™? (figure 1(c)) were
grown, fabricated and tested. The sheet charge density for the
Mg-d samples was controlled by regulating the p-doping pre-
cursor flow in the system. To evaluate the diode performance,
the voltage and differential resistivity against current density
are plotted on a linear scale as shown in figure 5(a). With the
incorporation of d-dose in the devices, the voltage penalties
as a performance metric are observed to decrease, and for a
4.5 x 103 cm~2 Mg d-dose sample, the voltage penalty is
only 158 mV at 20 A cm~2 and 490 mV at 100 A cm~2, as
shown in figure 5(b).

The lowest differential resistivity among the TJ samples
measured so far is 6.6 mQ-cm?. This excellent res-
ult is achieved from the sample with an Mg-6 dose of
4.5 x 10" cm~2, which is approximately half of the no-§
sample. Since all the p—n diodes underneath the TJs within
the test devices have identical structures, the difference in the
forward voltage drop is likely caused by the TJs. Both the
theoretical and experimental studies show that implementing
d-dose at the interface improves the TJ efficiency by creat-
ing a thin, highly-doped layer which reduces the tunneling
distance [10, 40]. The voltage penalty is reduced to 490 mV
from 660 mV at 100 A cm~2 as the Mg §-dose with a con-
centration of 4.5 x 10'3 cm~2 was introduced into the TJ. It
should also be noted that the influence of Mg §-dose on the
TJ efficiency is higher compared to the Si d-dose, as can be
evidenced by the measured voltage penalties. Compare to the
Si 8-dose sample, the Mg-d shows less penalty at low current
densities even for the relatively low doping concentration. The
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Figure 5. (a) J-V and differential resistivity—V characteristics, and
(b) voltage penalty of samples no-5, Si-5, Mg-5 dose at 20 A cm™>
and 100 A cm 2.

measured differential resistivity is 3 m{2 cm? at 100 A cm~2.
As the tunneling efficiency improves at high current density
for a TJ, an increase in the input current density reduces the
TJ resistance, and consequently, the overall resistance. Since
no voltage penalty saturation is observed for the Mg J-dose, it
opens a possibility of further reduction in voltage penalty with
a higher dose and this will be investigated in future studies. It
should be noted that that a very high dose of Mg possibly could
lead to surface damages, inversion effect and subsequently,
Mg depletion [41, 42].

Note that the secondary ion mass spectrometry data of the
Mg profiles for our control samples with- and without J-dose
is presented in figure S3.

3.3. Mg buildup delay

While growing p-GaN structures with MOCVD, the Mg
buildup delay [16, 43] from the time Mg shutter is turned on,
until the time required to reach the desired peak concentra-
tion has significant importance, especially while growing very
thin layers required for TJs. To ensure maximum Mg incor-
poration in the highly p-doped layer, a series of samples of
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different p*-GaN layer thicknesses was tested. Interestingly,
the diodes with a higher p™-GaN thickness exhibits a lower
voltage drop, as shown in figure 6(a). Measuring the doping
concentration or inspecting the surface morphology of the bur-
ied p-layers is challenging since all the samples under study
were grown in a single-continuous growth. For the constant
Mg d-dose 4.5 x 10'* cm~2 and doping concentration of the
p™T layer of the TJs, it is believed that with an increase of the
p™T layer thickness, p-type conductivity improves and becomes
maximum at a thickness of 12 nm. This suggests that 12 nm-
thick p*-GaN layer results in highest tunneling efficiency due
to the maximum achievable hole concentration. Hence, this
thickness can be considered as a critical thickness for which all
band bending is expected to occur at the p™-GaN layer [44]. As
can be seen in figure 6(b), further increase of the p-GaN thick-
ness does not improve the electrical properties as the inher-
ent tunneling distance supersedes the advantages of thicker
heavily Mg-doped p™-GaN layers. Hence, growing the p*-
GaN layer up to a certain thickness helps compensate the Mg

7 102
T
6 3
S 1] &
= :
o 410° &
(1] - e
= 4 ] ®
> ] )
(m]

0 2 4 6 8 10
Current density (kA/cm?)

Figure 7. Voltage- and differential resistivity versus current density
for the Mg-8 dose (4.5 x 10'* cm™2) sample up to a current density
of 10kA cm™2.

buildup delay effect, resulting an ultralow-resistance TJ. For
clarity, the Mg buildup delay process is schematically shown
in figure S2.

To evaluate the TJ performance at a higher current dens-
ity than reported earlier and to confirm its suitability beyond
optoelectronic and low-power electronic devices, devices of
the Mg §-dose sample (figure 1(b)) were tested again. Figure 7
shows the current density- and differential resistivity against
voltage characteristics. The devices show a record-low differ-
ential resistance of 1.6 x 107* Q cm? at 5 kA cm~? which
is the lowest value ever reported [23] for all-MOCVD grown
GaN T1J devices. After the device turns on, the differential res-
istance drops until 5 kA cm~2 and stays nearly constant in the
current range from 5 kA cm~2 to 10 kA cm 2.

4. Conclusion

In conclusion, low resistivity TJs and reduced voltage penal-
ties are obtained in all-MOCVD grown p—n diodes with a bur-
ied TJ. This was achieved by optimizing the activation anneal-
ing time and temperature for buried p-GaN layers. Additional
improvement is also observed by implementing d-dose for
both donor and acceptor dopants within the TJs. Annealing
at this high temperature is explored for the first time to our
knowledge to achieve a uniform p-GalN condition that pos-
sibly opens a path for large-area all-MOCVD grown TJ integ-
rated devices in the future. It is expected that combining both
the Si and Mg d-dose in an actual LED structure and activ-
ating the Mg-doped layer will result in further improvement
in electrical performance, benefitting next-generation of elec-
tronic and optoelectronic devices.

Acknowledgments

This material is based upon work supported by the U.S.
Department of Energy’s Office of Energy Efficiency and
Renewable Energy (EERE) under the Building Technologies
Office (BTO) Award Number 31150. Sandia National Labor-
atories is a multi-mission laboratory managed and operated



J. Phys. D: Appl. Phys. 54 (2021) 155103

S M N Hasan et al

by National Technology and Engineering Solutions of Sandia,
LLC., a wholly owned subsidiary of Honeywell International,
Inc., for the U.S. Department of Energy’s National Nuclear
Security Administration under contract DE-NA-0003525. The
views expressed in the article do not necessarily represent the
views of the U.S. Department of Energy or the United States
Government.

ORCID iD

Shamsul Arafin (2 https://orcid.org/0000-0003-4689-2625

References

[1] Nakamura S, Mukai T and Senoh M 1994 Candela-class
high-brightness InGaN/AlGaN double-heterostructure
blue-light-emitting diodes Appl. Phys. Lett. 64 1687

[2] Akasaki I, Amano H, Kito M and Hiramatsu K 1991
Photoluminescence of Mg-doped p-type GaN and
electroluminescence of GaN pn junction LED J. Lumin.

48 666

[3] Neugebauer S, Hoffmann M, Witte H, Blidsing J, Dadgar A,
Strittmatter A, Niermann T, Narodovitch M and Lehmann
M 2017 All metalorganic chemical vapor phase epitaxy of
p/n-GaN tunnel junction for blue light emitting diode
applications Appl. Phys. Lett. 110 102104

[4] Nie H, Diduck Q, Alvarez B, Edwards A, Kayes B, Zhang M,
Ye G, Prunty T, Bour D and Kizilyalli I 2014 1.5-kV and
2.2-mQ-cm? vertical GaN transistors on bulk-GaN
substrates IEEE Electron Device Lett. 35 939

[5] LiR, Cao Y, Chen M and Chu R 2016 600 V/1.7 2
normally-off GaN vertical trench metal-oxide—
semiconductor field-effect transistor IEEE Electron Device
Lett. 37 1466

[6] Akyol F, Krishnamoorthy S and Rajan S 2013 Tunneling-based
carrier regeneration in cascaded GaN light emitting diodes
to overcome efficiency droop Appl. Phys. Lett. 103 081107

[7] Rajan S, Krishnamoorthy S and Akyol F 2017 Gallium
nitride-based interband tunnel junctions Gallium Nitride
(Gan) (Boca Raton, FL: CRC Press) Ch 9 p 299

[8] Van-D-W. G, Stampfl C and Neugebauer J 1998 Theory of
doping and defects in III-V nitrides J. Cryst. Growth
189 505

[9] Polyakov A, Smirnov N, Pearton S, Ren F, Theys B, Jomard F,
Teukam Z, Dmitriev V, Nikolaev A and Usikov A 2001
Fermi level dependence of hydrogen diffusivity in GaN
Appl. Phys. Lett. 79 1834

[10] Vadiee E, Clinton E, Carpenter J, McFavilen H, Arena C,
Holman Z, Honsberg C and Doolittle W 2019 The role of
Mg bulk hyper-doping and delta-doping in low-resistance
GaN homojunction tunnel diodes with negative differential
resistance J. Appl. Phys. 126 083110

[11] Gotz W, Johnson N, Walker J, Bour D, Amano H and Akasaki
I 1995 Hydrogen passivation of Mg acceptors in GaN
grown by metalorganic chemical vapor deposition Appl.
Phys. Lett. 67 2666

[12] Kuwano Y, Kaga M, Morita T, Yamashita K, Yagi K, Iwaya M,
Takeuchi T, Kamiyama S and Akasaki I 2013 Lateral
hydrogen diffusion at p-GaN layers in nitride-based light
emitting diodes with tunnel junctions Japan. J. Appl. Phys.
52 08JK12

[13] Hwang D, Mughal A, Wong M, Alhassan A, Nakamura S and
DenBaars S 2017 Micro-light-emitting diodes with
[II-nitride tunnel junction contacts grown by metalorganic
chemical vapor deposition Appl. Phys. Express 11 012102

[14] Li W, Nomoto K, Lee K, Islam S, Hu Z, Zhu M, Gao X, Xie J,
Pilla M and Jena D 2018 Activation of buried p-GaN in
MOCVD-regrown vertical structures Appl. Phys. Lett.

113 062105

[15] Xing H, Green D, Yu H, Mates T, Kozodoy P, Keller S,
DenBaars S and Mishra U 2003 Memory effect and
redistribution of Mg into sequentially regrown GaN layer
by metalorganic chemical vapor deposition Japan. J. Appl.
Phys. 42 50

[16] Tu C, Chen H, Chen S, Chao C, Kiang Y and Yang C 2017
Effects of Mg pre-flow, memory, and diffusion on the
growth of p-GaN with MOCVD Proc. SPIE 10124
101240E

[17] Lund C, Agarwal A, Romanczyk B, Mates T, Nakamura S,
DenBaars S, Mishra U and Keller S 2018 Investigation of
Mg &-doping for low resistance N-polar p-GaN films grown
at reduced temperatures by MOCVD Semicond. Sci.
Technol. 33 095014

[18] Bayram C, Pau J, McClintock R and Razeghi M 2008
Delta-doping optimization for high quality p-type GaN J.
Appl. Phys. 104 083512

[19] Marini J, Mahaboob I, Hogan K, Novak S, Bell L and
Shahedipour-Sandvik F 2017 Mg incorporation efficiency
in pulsed MOCVD of N-polar GaN:Mg J. Electron. Mater.
46 5820

[20] Li T, Simbrunner C, Wegscheider M, Navarro-Quezada A,
Quast M, Schmidegg K and Bonanni A 2008 GaN:j-Mg
grown by MOVPE: structural properties and their effect on
the electronic and optical behavior J. Cryst. Growth
310 13

[21] Krishnamoorthy S, Akyol F, Park P and Rajan S 2013 Low
resistance GaN/InGaN/GaN tunnel junctions Appl. Phys.
Lett. 102 113503

[22] Krishnamoorthy S, Akyol F and Rajan S 2014 InGaN/GaN
tunnel junctions for hole injection in GaN light emitting
diodes Appl. Phys. Lett. 105 141104

[23] Akatsuka Y, Iwayama S, Takeuchi T, Kamiyama S, Iwaya M
and Akasaki I 2019 Doping profiles in low resistive GaN
tunnel junctions grown by metalorganic vapor phase epitaxy
Appl. Phys. Express 12 025502

[24] Clinton E, Vadiee E, Shen S, Mehta K, Yoder P and
Doolittle W 2018 Negative differential resistance in GaN
homojunction tunnel diodes and low voltage loss tunnel
contacts Appl. Phys. Lett. 112 252103

[25] Skierbiszewski C, Muziol G, Nowakowski-Szkudlarek K,
Turski H, Siekacz M, Feduniewicz-Zmuda A,
Nowakowska-Szkudlarek A, Sawicka M and Perlin P 2018
True-blue laser diodes with tunnel junctions grown
monolithically by plasma-assisted molecular beam epitaxy
Appl. Phys. Express 11 034103

[26] Wang J, Young E, SaifAddin B, Zollner C, Almogbel A,
Fireman M, Izza M, Nakamura S, Denbaars S and Speck J
2019 Hybrid III-nitride tunnel junctions for low excess
voltage blue LEDs and UVC LEDs Compound
Semiconductor Week (CSW) (Nara, Japan) p 1

[27] Young E, Yonkee B, Wu F, Oh S, DenBaars S, Nakamura S
and Speck J 2016 Hybrid tunnel junction contacts to
[[I-nitride light-emitting diodes Appl. Phys. Express
9022102

[28] Alhassan A, Young E, Alyamani A, Albadri A, Nakamura S,
DenBaars S and Speck J 2018 Reduced-droop green
[I-nitride light-emitting diodes utilizing GaN tunnel
junction Appl. Phys. Express 11 042101

[29] Zhang Z, Tiam T S, Kyaw Z, Ji Y, Liu W, Ju Z, Hasanov N,
Wei S X and Volkan H 2013 InGaN/GaN light-emitting
diode with a polarization tunnel junction Appl. Phys. Lett.
102 193508

[30] Minamikawa D, Ino M, Kawai S, Takeuchi T, Kamiyama S,
Iwaya M and Akasaki I 2015 GalnN-based tunnel junctions


https://orcid.org/0000-0003-4689-2625
https://orcid.org/0000-0003-4689-2625
https://doi.org/10.1063/1.111832
https://doi.org/10.1063/1.111832
https://doi.org/10.1016/0022-2313(91)90215-H
https://doi.org/10.1016/0022-2313(91)90215-H
https://doi.org/10.1063/1.4978268
https://doi.org/10.1063/1.4978268
https://doi.org/10.1109/LED.2014.2339197
https://doi.org/10.1109/LED.2014.2339197
https://doi.org/10.1109/LED.2016.2614515
https://doi.org/10.1109/LED.2016.2614515
https://doi.org/10.1063/1.4819737
https://doi.org/10.1063/1.4819737
https://doi.org/10.1016/S0022-0248(98)00340-6
https://doi.org/10.1016/S0022-0248(98)00340-6
https://doi.org/10.1063/1.1404398
https://doi.org/10.1063/1.1404398
https://doi.org/10.1063/1.5112498
https://doi.org/10.1063/1.5112498
https://doi.org/10.1063/1.114330
https://doi.org/10.1063/1.114330
https://doi.org/10.7567/JJAP.52.08JK12
https://doi.org/10.7567/JJAP.52.08JK12
https://doi.org/10.7567/APEX.11.012102
https://doi.org/10.7567/APEX.11.012102
https://doi.org/10.1063/1.5041879
https://doi.org/10.1063/1.5041879
https://doi.org/10.1143/JJAP.42.50
https://doi.org/10.1143/JJAP.42.50
https://doi.org/10.1117/12.2249540
https://doi.org/10.1117/12.2249540
https://doi.org/10.1088/1361-6641/aad5cf
https://doi.org/10.1088/1361-6641/aad5cf
https://doi.org/10.1063/1.3000564
https://doi.org/10.1063/1.3000564
https://doi.org/10.1007/s11664-017-5602-x
https://doi.org/10.1007/s11664-017-5602-x
https://doi.org/10.1016/j.jcrysgro.2007.09.045
https://doi.org/10.1016/j.jcrysgro.2007.09.045
https://doi.org/10.1063/1.4796041
https://doi.org/10.1063/1.4796041
https://doi.org/10.1063/1.4897342
https://doi.org/10.1063/1.4897342
https://doi.org/10.7567/1882-0786/aafca8
https://doi.org/10.7567/1882-0786/aafca8
https://doi.org/10.1063/1.5035293
https://doi.org/10.1063/1.5035293
https://doi.org/10.7567/APEX.11.034103
https://doi.org/10.7567/APEX.11.034103
https://doi.org/10.7567/APEX.9.022102
https://doi.org/10.7567/APEX.9.022102
https://doi.org/10.7567/APEX.11.042101
https://doi.org/10.7567/APEX.11.042101
https://doi.org/10.1063/1.4806978
https://doi.org/10.1063/1.4806978

J. Phys. D: Appl. Phys. 54 (2021) 155103

S M N Hasan et al

with high InN mole fractions grown by MOVPE Phys.
Status Solidi b 252 1127

[31] Jamal-E. Z, Najib-H. S, Gunning B, Chandrasekar H, Jung H,
Crawford M, Armstrong A, Arafin S and Rajan S 2019
Sidewall activation of buried p-GaN layers in
tunnel-junction enabled multi-junction cascaded blue LEDs
13th Int. Conf. Nitride Semicond (Bellevue, WA)

[32] Jamal-E. Z, Najib-H. S, Gunning B, Chandrasekar H,
Crawford M, Armstrong A, Arafin S and Rajan S 2020
Fully transparent GaN homojunction tunnel
junction-enabled cascaded blue LEDs Appl. Phys. Lett.
117 051103

[33] Yonkee B, Young E, DenBaars S, Nakamura S and Speck J
2016 Silver free II-nitride flip chip light-emitting-diode
with wall plug efficiency over 70% utilizing a GaN tunnel
junction Appl. Phys. Lett. 109 191104

[34] Fick A 1855 Ueber diffusion Ann. Phys. 170 59

[35] Narita T, Tomita K, Yamada S and Kachi T 2018 Quantitative
investigation of the lateral diffusion of hydrogen in p-type
GaN layers having NPN structures Appl. Phys. Express
12 011006

[36] Wampler W and Myers S 2003 Hydrogen release from

magnesium-doped GaN with clean ordered surfaces J. Appl.

Phys. 94 5682
[37] Myers S, Wright A, Petersen G, Wampler W, Seager C,
Crawford M and Han J 2001 Diffusion, release, and uptake

of hydrogen in magnesium-doped gallium nitride: theory
and experiment J. Appl. Phys. 89 3195

[38] Kim K, LiJ, Jin S, Lin J and Jiang H 2003 III-nitride
ultraviolet light-emitting diodes with delta doping Appl.
Phys. Lett. 83 566

[39] Nakarmi M, Kim K, Li J, Lin J and Jiang H 2003 Enhanced
p-type conduction in GaN and AlGaN by Mg-8-doping
Appl. Phys. Lett. 82 3041

[40] Yonkee B, Young E, Lee C, Leonard J, DenBaars S, Speck J
and Nakamura S 2016 Demonstration of a III-nitride
edge-emitting laser diode utilizing a GaN tunnel junction
contact Opt. Express 24 7816

[41] Ramachandran V, Feenstra R M, Sarney W L, Salamanca-R.
L, Northrup J E, Romano L. T and Greve D W 1999
Inversion of wurtzite GaN (0001) by exposure to
magnesium Appl. Phys. Lett. 75 808

[42] Figge S, Kroger R, Bottcher T, Ryder P L and Hommel D
2002 Magnesium segregation and the formation of
pyramidal defects in p-GaN Appl. Phys. Lett. 81 4748

[43] Ohba Y and Hatano A 1994 A study on strong memory effects
for Mg doping in GaN metalorganic chemical vapor
deposition J. Cryst. Growth 145 214

[44] Yonkee B, Farrell R, Leonard J, DenBaars S, Speck J and
Nakamura S 2015 Demonstration of low resistance ohmic
contacts to p-type (2021) GaN Semicond. Sci. Technol.
30 075007


https://doi.org/10.1002/pssb.201451507
https://doi.org/10.1002/pssb.201451507
https://doi.org/10.1063/5.0015403
https://doi.org/10.1063/5.0015403
https://doi.org/10.1063/1.4967501
https://doi.org/10.1063/1.4967501
https://doi.org/10.1002/andp.18551700105
https://doi.org/10.1002/andp.18551700105
https://doi.org/10.7567/1882-0786/aaf418
https://doi.org/10.7567/1882-0786/aaf418
https://doi.org/10.1063/1.1616986
https://doi.org/10.1063/1.1616986
https://doi.org/10.1063/1.1347410
https://doi.org/10.1063/1.1347410
https://doi.org/10.1063/1.1593212
https://doi.org/10.1063/1.1593212
https://doi.org/10.1063/1.1559444
https://doi.org/10.1063/1.1559444
https://doi.org/10.1364/OE.24.007816
https://doi.org/10.1364/OE.24.007816
https://doi.org/10.1063/1.124520
https://doi.org/10.1063/1.124520
https://doi.org/10.1063/1.1527981
https://doi.org/10.1063/1.1527981
https://doi.org/10.1016/0022-0248(94)91053-7
https://doi.org/10.1016/0022-0248(94)91053-7
https://doi.org/10.1088/0268-1242/30/7/075007
https://doi.org/10.1088/0268-1242/30/7/075007

	All-MOCVD-grown gallium nitride diodes with ultra-low resistance tunnel junctions
	1. Introduction
	2. Experimental description
	3. Results and discussion
	3.1. Sidewall activation
	3.2. Delta dose
	3.3. Mg buildup delay

	4. Conclusion
	Acknowledgments
	References


