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ABSTRACT

Tunnel junction devices grown monolithically by metal organic chemical vapor deposition were optimized for minimization of the tunnel
junction voltage drop. Two device structures were studied: an all-GaN homojunction tunnel junction and a graded InGaN heterojunction-
based tunnel junction. This work reports a record-low voltage drop in the graded-InGaN heterojunction based tunnel junction device struc-
ture achieving a de-embedded tunnel junction voltage drop of 0.17 V at 100A/cm2. The experimental data were compared with a theoretical
model developed through technology computer-aided design (TCAD) simulations that offer a physics-based approach to understanding the
key components of the design space, which lead to a more efficient tunnel junction.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0033554

There has been significant interest recently in the study of III-
nitride tunnel junction-enabled optoelectronic devices. It has been
demonstrated that tunnel junctions can enable a variety of novel
device structures to address some of the major issues faced by the
community. Tunnel junctions find applications for current spreading
into p-GaN layers without the need for absorbing ITO contacts1,2 and
for improved hole injection efficiency into ultraviolet light emitting
diodes (UV-LEDs).3–7 Tunnel junctions can also be utilized to cascade
multiple light emitting diode (LED) active regions, which enable a
significant increase in external quantum efficiency (EQE),8–11 and cal-
culations have shown that the tunnel junction enabled cascaded multi-
active region LED device structure supports the possibility of an EQE
exceeding 100%.8,12,13 The multi-junction cascaded LED structure
enables high output power while operating in a low current density
regime. This is accomplished by operating at a higher voltage, which is
sufficient to bias the multiple active regions within the device. By oper-
ating at lower current densities where the LEDs do not suffer from effi-
ciency droop, it is possible to improve wall-plug efficiency. It is critical
to have a low tunnel junction voltage drop for the cascaded multi-
junction structure to improve wall-plug efficiency at high-output
power operation. LED active regions of different emission wavelengths
can also be cascaded to achieve multi-peak emission spectra.14–16

Beyond LEDs, tunnel junctions also improve performance in edge-

emitting and vertical-cavity lasers.17–22 With potential to address
issues such as current spreading, injection efficiency to UV emitters,
and efficiency droop mitigation, as well as to enable novel device struc-
tures, it is critical to reduce tunnel junction voltage losses to enable
high-performance III-nitride optoelectronic devices.

Previous work on tunnel junctions employed a variety of growth
techniques, including MBE,17,23–27 metal organic chemical vapor
deposition (MOCVD),21,28–33 and hybrid (MOCVD þ MBE).34 The
tunnel junctions with the lowest voltage drop to date have been
reported by MBE growth35–38 because MOCVD-grown tunnel junc-
tions have faced doping issues that increase resistivity and voltage
drop. Limitations on maximum doping densities associated with
MOCVD growth alongside the memory effect present in magnesium
doped layers grown by MOCVD have led to tunnel junctions with
higher voltage penalties than their MBE-grown counterparts. Hybrid
growth techniques have addressed some of the issues innate to
MOCVD-grown tunnel junctions, reducing the voltage drop across
the tunnel junctions grown by this method, while still offering the abil-
ity to grow the active region of the LED or laser diode by MOCVD.
However, the hybrid growth technique still introduces extra steps in
the growth process, which increase process complexity and cost. There
is significant motivation for improving the efficiency of tunnel junc-
tions grown monolithically by MOCVD since this growth method can
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provide the most manufacturable active regions. In this work, we
report state-of-art tunnel junction voltage drop in MOCVD-grown
tunnel junction device structures designed to mitigate doping limita-
tions inherent to MOCVD growth. We develop a detailed model to
understand the characteristics of tunnel junctions, which can help
guide future tunnel junction design for MOCVD-grown structures.

The epitaxial structures investigated here are shown in Fig. 1.
MOCVD growth was performed at atmospheric pressure in a Taiyo
Nippon Sanso SR4000HT reactor. The substrates were �6 lm thick
n-type GaN/sapphire c-plane templates with a typical dislocation den-
sity of �108 cm�2. For the p–n junction structures, the n-type and
p-type layers were grown at 1050 �C and 1015 �C, respectively. The
tunnel junction layers, including the �450nm thick n-GaN layer,
were grown at reduced temperatures (compared to the p–n junctions)
of 900–975 �C in order to reduce the thermal budget. The growth tem-
peratures in the tunnel junction layers are typical for GaN layers in
standard GaN LED growth. The graded InGaN layers in the hetero-
junction based tunnel junction structures were grown at 830 �C.

The three samples we discuss here include a reference p–n diode
with a metal/pþ contact, a p–n junction with an nþ/pþ tunnel junc-
tion, and a p–n junction with a graded InGaN-based tunnel junction.
The standalone p–n diode structure [Fig. 1(a)] was grown on a 6lm
thick nþGaN sapphire template with [Si]¼ 5� 1018 cm�3, followed by

a 500nm thick nþGaN bottom contact layer with [Si]¼ 5� 1018 cm�3,
a 200nm thick n-GaN layer with [Si] ¼ 2� 1016 cm�3, and finally a
90nm thick p-GaN layer with [Mg] ¼ 3� 1019 cm�3. NPN structures
were grown starting with the same p–n diode reference structure fol-
lowed by a tunnel junction structure. It has been shown by Vadiee et al.
that magnesium d-doping can offer a significant reduction in the voltage
penalty of GaN homojunction tunnel junction devices grown by MBE.39

The GaN homojunction tunnel junction NPN structure consists of the
reference p–n diode, followed by a magnesium delta-dose doping equiv-
alent to 4.5� 1013 cm�2 inserted at the beginning of the pþþGaN layer
of the tunnel junction as indicated by the red line in Fig. 1(b). Then, a
12nm pþþGaN layer with [Mg] ¼ 1.2� 1020 cm�3 was grown to
form the p-side of the tunnel junction. Next, a 6nm nþþGaN layer
with [Si]¼ 2.8� 1020 cm�3 was grown to form the n-side of the tunnel
junction. Figure 1(b) denotes the tunnel junction portion of the NPN
structure with a black box. Finally, a 450nm thick nþGaN recovery
layer with [Si] ¼ 5� 1018 cm�3 was grown to recover the smooth
surface morphology after slight roughening in the heavily doped tunnel
junction growth and serves as the top contact to the NPN device. The
graded InGaN heterojunction tunnel junction NPN structure consists of
the same p–n diode, followed by a magnesium delta-dose doping equiva-
lent to 4.5� 1013 cm�2 inserted at the beginning of the pþþGaN layer
of the tunnel junction as indicated by the red line in Fig. 1(c). Then, a

FIG. 1. The epitaxial structure of (a) the reference p–n diode structure, (b) a n-type, p-type, n-type (NPN) structure with a GaN homojunction tunnel junction (outlined in black)
with Mg delta-dose grown on top of the reference p–n diode (GaN homojunction), and (c) a NPN structure with a graded InGaN heterostructure tunnel junction (outlined in black)
with Mg delta-dose. (d) The Mg (black) and Si (red) doping concentrations as measured by SIMS for the graded InGaN heterojunction based tunnel junction (solid lines) and for
the GaN homojunction tunnel junction (dashed lines). The Mg and Si profiles overlap due to the memory effect associated with MOCVD growth of Mg doped p-(In)GaN. (e)
Energy band diagram for the full NPN structure with the graded InGaN heterojunction based tunnel junction. (f) Energy band diagram for the graded InGaN based tunnel junction.
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6nm pþþGaN layer with [Mg] ¼ 1.2� 1020 cm�3 was grown to form
the p-side of the tunnel junction. Then, a 6nm thick pþþ graded
InGaN interlayer with [Mg] ¼ 1.8� 1020 cm�3 was grown graded
from GaN at the bottom of the layer to In0.07Ga0.93N at the top of the
layer. Next, a 3nm thick nþþ graded InGaN interlayer with [Si]
¼ 2.8� 1020 cm�3 was grown graded from In0.07Ga0.93N at the bottom
of the layer to GaN at the top of the layer. Then, a 6nm nþþGaN
layer with [Si] ¼ 2.8� 1020 cm�3 was grown. Figure 1(c) denotes the
tunnel junction portion of the NPN structure with a black box. Finally,
a 250nm thick nþGaN recovery layer was grown with [Si] ¼ 5
� 1018 cm�3 was grown. The recovery layer thickness was reduced to
250nm in the graded InGaN tunnel junction in order to limit the time
that the InGaN layers were exposed to high temperature during the
growth of subsequent layers.

All devices were fabricated starting with inductively coupled
plasma reactive-ion etching (ICP-RIE) mesa-isolation followed by acti-
vation of buried p-GaN layers in a rapid thermal anneal system at
900 �C for 30min in N2 ambient. The details of our optimized process
for activation of MOCVD grown buried p-type layers are reported
elsewhere.40 Ti/Al/Ni/Au (20/120/30/50 nm) bottom contacts were,
then, deposited and annealed at 850 �C for 30 s in N2 ambient. Finally,

full metal coverage top contacts composed of Al/Ni/Au (30/30/
150 nm) and Pd/Ni/Au (30/30/30 nm) were deposited for the NPN
and standalone p–n diode structures, respectively.

We combined delta-dose doping enhancement in the pþþ tun-
nel junction layers with graded InGaN interlayers to achieve strong
polarization-enhanced electric fields for increased tunneling proba-
bility. Takasuka et al. have previously shown that the introduction
of graded InGaN layers with indium mole fractions up to x¼ 0.4
within the MOCVD grown tunnel junction can offer a significant
improvement in tunnel junction efficiency.41 However, higher
indium compositions also cause absorption losses within the InGaN
layers. Therefore, we designed tunnel junctions with a maximum
indium mole fraction of x¼ 0.07 as estimated by the SIMS measure-
ment [Fig. 1(d)]. By limiting the indium content of the graded
InGaN layers within the tunnel junctions to be significantly lower
than those found in blue-violet emitter active regions (x > ¼ 0.15),
we can limit absorption losses within the tunnel junction. The energy
band diagram for the entire NPN structure with a graded InGaN
interlayer tunnel junction is shown in Fig. 1(e), and the band dia-
gram for just the graded InGaN interlayer tunnel junction is shown
in Fig. 1(f).

FIG. 2. (a) The measured current voltage characteristics for the reference p–n diode (black), the NPN structure with the GaN homojunction tunnel junction grown on top of the
reference p–n diode (blue), and the NPN structure with the graded InGaN heterojunction tunnel junction (red). (b) Differential resistance vs current density for different device
structures. (c) Voltage drop across the various devices at 1 A/cm2, 10 A/cm2, and 100 A/cm2. (d) A comparison of the extracted tunnel junction voltage drop for this work
(shown as stars) as compared to other reported MOCVD (red) and MBE/hybrid (black) grown tunnel junctions. In this plot, empty shapes indicate all-GaN homojunction tunnel
junctions, while solid shapes indicate heterojunction tunnel junctions.
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The J–V characteristics for all structures grown are shown in
Fig. 2(a). The reference p–n diode is the same in each structure, so the
differences in voltage can be attributed to the different tunnel junction
designs. Figure 2(b) shows the differential resistance vs current density
curves for the various structures. To assess excess voltage penalty
across each tunnel junction structure, the voltage drop across each
structure is shown at current densities of 1A/cm2, 10A/cm2, and
100A/cm2 in Fig. 2(c). At an operating current density of 10A/cm2,
compared to the Ohmic contact stand-alone p–n diodes (3.17V @
10A/cm2), the graded InGaN tunnel junctions (3.3V @ 10A/cm2)
were able to reduce the voltage penalty to almost half that of the GaN
homojunction tunnel junctions (3.46V @ 10A/cm2). The contacts to
the reference p–n diode were Ohmic, which allowed for the pþþGaN
contact resistance to be de-embedded from the reference p–n diode
characteristics for comparison purposes. To determine the tunnel
junction voltage drop in the NPN structures, the voltage drop across
the reference p–n diode was de-embedded by calculating the series
resistance from the linear regime of the reference p–n diode J–V curve
and extracting the intrinsic p–n diode characteristics. The tunnel
junction-associated voltage drop was, then, compared to other results
reported in the literature [Fig. 2(d)]. It can be seen that the graded
InGaN interlayer tunnel junctions exhibit a voltage drop of 0.17V at
100A/cm2, which is the lowest reported to date for MOCVD-grown
tunnel junctions. The GaN homojunction tunnel junction also
achieved a voltage drop of 0.45V at 100A/cm2, which is the lowest
reported to date for an MOCVD-grown GaN homojunction. The tun-
nel junction voltage penalties obtained in this work offer a significant
improvement upon previously reported values and are comparable
with the lowest voltage drop MBE grown counterparts.24,28,35–37,42,43

To explore the physical origin of the reduction in tunnel junction
voltage drop observed in this work, simulations were developed using
Silvaco TCAD. The material constants used in the simulations were
taken from previously reported values.44,45 Nonlocal band-to-band
tunneling models were used to account for tunneling within the tunnel
junction. We included realistic MOCVD doping profiles obtained
from the SIMS measurements shown in Fig. 1(d). We found that real-
istic MOCVD doping profiles within the tunnel junction give tunnel-
ing currents that are significantly different from idealized rectangular
doping profiles. In the case of graded InGaN layers, spontaneous and
piezoelectric polarization constants used in the simulations followed
Bernardini et al.45 The impact of the thickness of the graded InGaN
layers within the tunnel junctions can be seen in Fig. 3(a). An optimal
thickness of InGaN offers a strong polarization induced field across a
thin region within the tunnel junction, combined with a slightly lower
energy barrier owing to the lower bandgap of InGaN, leading to
enhanced band-to-band tunneling rates.

To account for the effects of heavy magnesium doping within the
p-type (In)GaN, band-tailing effects were also included in the simula-
tion model. The bandgap narrowing due to band-tailing effects was
calculated according to the universal bandgap narrowing model,44

DEg ¼ C
es5

N
m0

mc þmv

mcmv
þ B �T2 es

N

� �" #�1
4

;

where N is the net doping density, mc and mv are the density of state
effective masses for the conduction and valence bands, respectively, T
is the temperature, and es is the static dielectric constant. C and B are

FIG. 3. (a) The simulated J–V characteristics for MOCVD grown graded InGaN het-
erojunction tunnel junctions with graded layer thicknesses ranging from 2 nm to
10 nm. (b) The simulated J–V characteristics for doping peak separations ranging
from 0 nm (defined as the measured SIMS profile) to 4.5 nm. (c) The simulated J–V
characteristics for various peak [Mg] concentrations of 1.8� 1020 cm�3 (green),
2.65� 1020 cm�3 (blue), and 3.5� 1020 cm�3 (red) for a doping peak separation
of 3 nm. The tunnel junction voltage drop de-embedded from the experimental mea-
surement of the graded InGaN tunnel junction structure is shown as a dashed line
for comparison.
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fitted parameters equal to 3.9� 10�5eV/cm3/4 and 3.1� 1012 cm�3 K�2,
respectively. At the doping densities measured by SIMS, we esti-
mated the bandgap energy to be 3.1 eV due to band-tailing effects at
the location of peak net doping. In addition to a reduction in the
bandgap, the band tailing also leads to an apparent decrease in the
acceptor ionization energy, as reported previously for heavily Mg
doped GaN.46 With the reduced acceptor ionization energy
included, the Mg acceptor ionization was estimated to be 50%.
Inclusion of band-tailing effects in the simulation model led to a
reduction in the simulated tunnel junction voltage drop; however,
the values predicted were still higher than experimentally measured
values. The SIMS measurements of Si and Mg were taken in different
scans; therefore, the alignment of the peak locations in the SIMS mea-
surement could differ slightly from the true doping profiles. To study
the effect of peak separation between Si and Mg, simulations over the
peak doping density locations were calculated. The location of the Si
peak was fixed, and the Mg peak was separated by 1.5 nm, 3nm, and
4.5 nm as shown in Fig. 2(b). It was determined that the simulated volt-
age drop across the tunnel junction was lower for the case of 1.5 nm
and 3nm as compared to the measured SIMS profiles. The experimen-
tally measured voltage drop across the tunnel junctions was still consid-
erably lower than the simulated values after including peak separation.
To study the effect that laterally nonuniform of doping concentrations
would have on the tunnel junction voltage penalty, another simulation
was conducted by fixing the peak separation value, and then, sweeping
the peak Mg doping concentration from 1� to 2�, the value was mea-
sured by SIMS, from [Mg] ¼ 1.8� 1020 cm�3 to 3.5� 1020 cm�3.
These simulated J–V curves for the case of 3nm peak separation were
compared with the tunnel junction voltage drop de-embedded from
the experimental measurement of the graded InGaN interlayer tunnel
junction as shown in Fig. 3(c). It can be seen that lateral nonuniformity
in the doping profiles can lead to localized conduction paths with sig-
nificantly lower resistance.

In summary, the work reported here demonstrates that it is
possible to achieve low voltage losses across MOCVD-grown tunnel
junction structures by understanding the origin of the excess
voltage and designing the tunnel junctions to compensate for them.
By including magnesium delta-dose doping in combination with
graded InGaN interlayers, the voltage drop across the MOCVD-
grown tunnel junction can be reduced significantly. We find that
the voltage drop from experimental devices is significantly lower
than the simulated values, which may be due to the growth inho-
mogeneity of doping profiles within the tunnel junction. The simu-
lations suggest that inclusion of nonideal doping profiles, nonlocal
tunneling, and band-tailing effects is critical to consider when
designing MOCVD-grown tunnel junctions for low voltage drop.
We can conclude that due to the high sensitivity of tunneling
current to the doping profiles, more precise control and analysis of
these at the nanometer scale is critical. The work reported here
shows that MOCVD-grown tunnel junctions can be designed to
provide ultralow voltage losses and enable many new device designs
for III-nitride optoelectronic devices.

See the supplementary material (S1) for the Mg (black) and Si
(red) doping concentrations as measured by SIMS for the graded
InGaN heterojunction based tunnel junction and also the indium
mole fraction (blue) measured by SIMS.
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