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ABSTRACT

Tunnel junctions (TJs) have recently been proposed as a solution for several III-nitride current problems and to enhance new structures.
Reported III-nitride TJs grown by metalorganic chemical vapor deposition (MOCVD) resulted in backward diodes with rectifying behavior
in forward bias, even with Mg and Si doping in 10*° cm . This behavior limits applications in several device structures. We report a TJ
structure based on pIng ;5Gag gsN/n " Ing 95Gag 05N, where the n-side of the junction is co-doped with Si and Mg and with electron and hole
concentrations in the mid-10" cm ™ for both the n and p dopants. Co-doping creates deep levels within the bandgap that enhances tunnel-
ing under forward biased conditions. The TJ structure was investigated on both GaN substrates and InGaN templates to study the impact of
strain on the TJ I-V characteristics. The resulting TT I-V and resistivities reported indicate the potential for this T] approach in several device
structures based on III-nitrides. We are not aware of any previous MOCVD grown TJs that show Ohmic performance in both forward and

reverse biases.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0103152

Tunneling diodes/tunnel junctions (TJs) can enable a variety of
device structures to improve their performance. TJs were applied in
several nitride-compound applications to address issues such as cur-
rent spreading in the p-GaN layer and hole injection efficiency as well
as enabling tandem multiple emitting diodes.' * Additionally, III-
nitride based TTs have the potential to enable several device structures
by reducing optical losses compared to standard indium tin oxide
(ITO) contacts, improving the external quantum effect (EQE) of blue
and green light emitting diodes (LEDs), and enabling structures such
as multi-junction solar cells." Several research groups reported TJs
by a variety of different growth techniques, including molecular
beam epitaxy (MBE),” ° metalorganic chemical vapor deposition
(MOCVD),” " and a hybrid combines both techniques.”

The p*GaN/n*GaN TJs grown by MBE showed superior perfor-
mance due to the ability of this technique to achieve GaN with the
hole concentration in the mid-10""cm > MOCVD grown GaN
research has reported hole concentrations limited to the 10'” cm
range.'” Several groups have also reported InGaN/GaN based TJs, tak-
ing advantage of the high piezoelectric field near the junction interfa-
ces.”” Such an electric field will result in the reduction of the
depletion layer width and, thus, tunneling thickness, which will
enhance the tunneling probabilities. Reasonably good TJs were

reported with In,Ga; N with about x ~ 0.4; however, such a high In-
content will complicate integration of these TJs with LEDs due to light
absorption in the low bandgap and heavily doped InGaN layers.”

Most reported data about TJs deal with the growth of an n-on-p
TJ on existing LED structures to reduce the contact resistance by
changing the top p-type layer to an n"GaN layer.””'"""* The presence
of the T} adds a voltage drop to the LED structure ranging from a frac-
tion of a volt to more than one volt depending on the growth
approach.” """ The I-V characteristics of these TJs as isolated struc-
tures are only reported in a few studies.”*"” Krishnamoorthy et al,
Vadiee et al., and Clinton et al. reported MBE grown TJs with con-
ducting properties in both forward and reverse biases by using
p'Ing4GageN or by very heavy doping in GaN junctions with mid-
10*°cm™? for both the n™ and p* doping.”*'® Okumura et al.
reported GaN based backward diodes grown by MBE with rectifying
behavior for forward bias over a large temperature range.” For
MOCVD grown TJs, the I-V response behaves as a backward diode
with high current achieved at low reverse biased voltages and rectify-
ing I-V in forward bias. Minamikawa et al. reported that in the for-
ward biased direction, a TJ grown by MOCVD showed rectifying
nonohmic characteristics in the I-V curve, resulting in a very large
voltage drop of 1V at a current density of 10 A/cm>’ The reverse
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biased tunnel diode seems to address the problem of highly resistive p-
type contacts by following the LED with an n-on-p TJ to take advan-
tage of the superior contacting properties of n*"GaN.>” """ However,
there are several applications in the III-nitride compounds that require
connecting junctions in both forward and reverse biases. Examples are
multi-junction solar cells and multicolor photo detectors based on the
InGaN material system.”

Inter-band tunneling requires a very thin depletion layer (tunnel-
ing width). III-nitrides are expected to have very low inter-band
tunneling probabilities due to the difficulty in getting degenerate
impurity doping, large effective mass, and relatively high built-in
potential barriers.”” One of the main problems for GaN based TJs is a
lack of heavy doping levels using Mg, especially in MOCVD grown
structures. Heavy Mg doping with concentration approaching mid-
10" cm™ and higher is accompanied by the formation of pyramidal
defects, inversion domains, and nitrogen vacancies leading to self-
compensation effects. For MOCVD growth, these problems can be
alleviated by substituting p-In,Ga; N for p-GaN. We have recently
reported that the hole concentration increases as a function of the In-
content in p-InGaN, compared to similarly doped p-GaN."” However,
detrimental optical absorption losses can occur due to the lower
bandgap of high In-content InGaN, coupled with band tailing caused
by heavy doping effects.

Currently, Mg is the only available p-type dopant for nitride
compounds. Mg has several problems that impact the performance of
nitride devices, in general, and tunnel junctions, in particular. First,
there is delayed Mg incorporation during the initial growth, which is
likely due to the time needed to coat the susceptor, reactor tube, etc.'”
Second, Mg shows a memory effect where Mg atoms are incorporated
in subsequent layers after the Mg source is switched off.'” This carry-
over may be a result of Mg adsorbed on the walls of the reactor. Third,
Mg in GaN and other semiconductor compounds have a relatively
high diffusion coefficient when exposed to high temperatures. In GaN,
Mg atoms have a diffusion coefficient, D, of about 1071 cm?/s'®"
leading to a characteristic diffusion length L = \/Dt, where ¢ is the
time exposed to high temperature heating. For the 30 min of heating
at 1000 °C needed to grow GaN on the TJ, L can be on the order of
10 nm."” This can be irrelevant when dealing with some device struc-
tures such as LEDs and lasers. However, for a III-nitride tunnel junc-
tion such as GaN, the depletion layer width is close to the tunneling
width at about 10 nm;""* Mg will be present on the n side of the junc-
tion either by diffusion or due to memory effects. This will compensate
the n type Si dopant and broaden the depletion width by forming a
graded junction. The tunneling probability, which depends exponen-
tially on the depletion layer width, is reduced.” Mg diffusion can
explain the deterioration of GaN TJs when exposed to high tempera-
ture treatments. It has been reported that the voltage drop across the
TJ increased by 0.55 V due to thermal treatment.” Several of these dop-
ing related challenges were addressed in high bandgap conventional
(As,P) III-V compounds by the addition of a quantum well at the
junction interface and delays in switching on the dopants.”’**

We report an approach based on several modifications of current
processes to reduce or eliminate the previously discussed Mg doping
problems related to the growth of TJs based on III-nitride compounds.
These modifications can produce a more abrupt doping profile at the
TJ interface and result in a TJ] more resilient to thermal annealing.
First, the n™ side of the TJ is co-doped by both Si and Mg. For a
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p-on-n TJ, the co-doping of Si and Mg on the n-side of the junction
followed by the same Mg concentration in the p-side will eliminate the
delay in Mg incorporation that occurs with conventional p+(Mg) on
n+(Si) procedures. Widening of the depletion layer due to diffusion or
uncontrolled Mg memory effects will not occur, as the same Mg con-
centration is present on both sides of the TJ. The second modification
is to take advantage of the variation in the hole concentration (ionized
Mg atoms) with the In-content in InGaN. For example, given a Mg
concentration in the mid-10"° cm >, the hole concentration will be in
the mid-10'” cm ™ for GaN, and the low 10'® cm ™ to mid-10" cm >
for IngesGagesN and Ing5GaggsN, respectively.”” A heterojunction
with an n™ layer (Si+Mg) comprised of either GaN or Ing sGagosN,
andap" (Mg) Iny,5GaggsN layer offers a more abrupt junction inter-
face. Additionally, we do not find it is necessary to use Mg and Si con-
centrations in the 10*°cm™> range.”'" Doping both sides of the
junction to the low to mid-10'® cm ™ range was found to be sufficient
for a connecting junction. This should avoid the formation of pyramid
like structural defects resulting from such high dopant concentrations.
This can be a critical parameter for devices deposited on these TJs in
either junction configurations, n-on-p or p-on-n. Kurokawa et al.
reported that the non-optimum MOCVD grown T] impacted the per-
formance of devices grown on these TJs.”” By addressing these Mg
issues, we are able to report a low resistivity under both the forward
and reverse biases.

The structures were grown on 5 um n-type GaN on sapphire sub-
strates supplied commercially with a dislocation density of ~10® cm™>
using a home-made metal organic chemical vapor deposition
(MOCVD) growth system as previously reported.”* In our reactor,
the substrate rotates between streams of column-III and column-V
gases. The precursors used were trimethylindium (TMIn), trimethyl-
gallium (TMGa), and NH;. The carrier gases are H, and N,.
Bis(cyclopentadienyl)magnesium (Cp,Mg) and silane (SiH,) were
used for the p-type and n-type dopants, respectively. Two structures
are studied: the first is a T] grown on GaN and the second on an
InGaN semibulk (SB) template. The growth details and the character-
izations of these InGaN templates were previously reported.”* ** We
used the SB approach for growth of these templates where each thick
InGaN growth layer is followed by a thin high temperature GaN inter-
layer to backfill the V-pits generated during the relaxation processes.
The In-content in the templates was controlled by varying the growth
temperature of the InGaN layer. The TJ is made of n™ IngsGagosN
(Si+Mg) with thicknesses in the range of 15-40 nm, followed by a p™
Ing 15GaggsN (Mg) layer 20-40 nm thick. The Mg flow was kept con-
stant during the entire growth of the TJ. Both photoluminescence (PL)
and x-ray diffraction (XRD) are used to determine the In-composition
based on measurement of thicker grown films. Hall Van der Pauw
measurements were used to determine the carrier concentration in
both the n* and p* layers. Samples were annealed at 750 °C for 20
min under N, ambient for p-type activation. Devices 400 x 400 ym®
are fabricated using standard techniques: 400 x 400 um® mesas were
etched followed by standard Ohmic n-type and p-type contacts.

The TJ structures shown in Fig. 1 are for the same TJ on different
substrates: GaN in Fig. 1(a) and on an InGaN template in Fig. 1(b).
The TJ layers on GaN are strained to utilize the added advantages of
the piezoelectric field in band bending and narrowing of the depletion
layer thickness. PL emission for the TJ shown in Fig. 2(b) at 420 nm is
originating primarily from the thicker InGaN template. Based on the
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~30 nm

P*Ing.45GagesN

20-40 nm

15-40 nm

(a) T-1 (b) TI-2

model presented earlier, the 420 nm emission corresponds to a fully
relaxed template with an In concentration of about 9%.”* The TJs on
the InGaN template structure with an In concentration of about 5%
and 15% for n™ and p™, respectively, in Fig. 1(b) are expected to be
very slightly strained to the relaxed InGaN templates.

Figure 2 represents the I-V characteristics across a small signal
[Fig. 2(a)] for TJ-1 (blue) and TJ-2 (red) as well as across a large signal
[Fig. 2(b)]. The TJs in both figures have non-rectifying linear Ohmic
behaviors in both the forward and reverse bias directions. A wide
spread in the I-V of the TJ in both forward and reverse biases is
observed. These variations are presented in Fig. 2 by error bars
deduced from testing at least ten devices for each plot. This can be due

P*Ing.15Gag gsN = FIG. 1. The schematic representation of
~30nm n-InGa,,N (a) TJ-1, a TJ structure on GaN, and (b)
Xer~0.09 ~500 hm TJ-2, the same TJ structure on a 25-period
semibulk semi bulk, where a period is defined as
28 berlods one cycle of InGaN and a GaN IL.
15-40 nm (25 perlocs)
n-GaN

to a lack of a thick contacting layer as well as slight variations in the
thickness and In-composition across the samples, especially for the p*
Ing 15Gagy gsN film, which can be critical in the achieved hole concen-
trations. Such a lack of uniformity is expected in a home built
MOCVD system.

From Fig. 2(a), at a low current, both TJ-1 and TJ-2 show a resis-
tivity of 8 x 10~* Q-cm?, indicating no change in resistivity due to the
underlying template. On the high current I-V [Fig. 2(b)], for reverse
bias, the resistivity is in the range of 5-6 x 10~ > Q.cm®. For forward
bias of the high current range, the resistivities are 1x 10~ " and
6 x 1072 Q-cm” for TJ-1 (TJ grown on GaN) and TJ-2 (T] grown on
an InGaN template), respectively. The resistivities deduced from Fig. 2
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FIG. 2. |-V curves of TJ-1 (blue) and TJ-2 (red) across (a) —0.1V to 0.51 and (b) —1.5 to 1.5V with (c) inset showing IV of the MQW based LED structure using identical

mesa and metallization processes.
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are the sum of the sheet resistance from both n- and p-type layers,
contact resistances, and others. We compared these results with those
of our standard InGaN/GaN based MQW LED structures [Fig. 2(c)],
which have sources of sheet and contact resistances in common to
that of the TJ structures. The resistivity of a previously reported LED
structure in the linear part of the I-V curve past 5V forward bias is
about 0.3 Q-cm?,°° which is comparable with the current T7J resistivity
shown in Fig. 2. Thus, it is safe to conclude that the current T7J is not
expected to add significant extra resistance when incorporated in a
device structure. In addition, by comparing the data from Fig. 2, the
strained (TJ-1) and barely strained (TJ-2) I-V results indicate that
enhancement of the tunneling processes does not seem to be impacted
by the PZ field. The tunneling processes are, thus, mainly a function of
the deep levels in the bandgap and their concentrations.

For reverse bias, tunneling across the depletion region is taking
place due to heavy p+ and n+ doping levels. Electrons tunnel from
the filled valence band states in the p+ layer to the empty conduction
band states in the n+ layer. For forward bias, the plotted I-V curve in
Fig. 2 shows a linear Ohmic behavior, which deviates from previously
reported MOCVD grown TJ results (which have a backward diode
behavior) by now showing a similar behavior in both forward and
reverse directions.”

There are several possible reasons for the improved linear con-
necting properties in the forward direction. First, in this work, the con-
stant Mg concentration across the n* and p™ layers allowed abrupt
electron and hole concentrations at the junction interface. Second, the
constant Mg concentration reduces the potential for Mg diffusion to
create a wider graded junction. Finally, a third reason is attributed to
the Mg doping on the n+ side of the T]. Mg in GaN forms two levels
within the bandgap: the Mg acceptor level is about 180-200 meV
above the valence band while another deep donor level exists at
around 400-440 meV below the conduction band. This deep donor
level has been attributed to a Mg and nitrogen vacancy complex (Mg-
V). The transition between those two levels is responsible for the blue
band emission, around 2.8 eV, that is typically observed in the heavily
doped p-GaN film."”*”*” Similar levels are expected to be present in
n*Ing5GagosN due to the Mg+Si co-doping.

In general, the resistivity of the reverse bias T7J is slightly lower
than that in forward bias as shown in Fig. 2(b). It is possible that the
charge tunneling (reverse bias) is due to both band-to-band and deep
levels within the bandgap. It is very unlikely to have any band-to-band
tunneling in forward bias, and only defect assisted tunneling is taking
place. This was confirmed by the lack of negative resistance in I-V
measurements made at 77 K.

The energy band diagram for the TJ is shown schematically in
Fig. 3 with the two Mg levels highlighted. For reverse bias, carriers are
tunneling through the reduced-width depletion region. For forward
bias, an excess current can be due to energy levels within the bandgap.
Heavy doping of both sides of the junction likely initiates these defects.
It is very possible that in the forward biased T7, electrons are tunneling
between these N-vacancy levels in the forbidden bandgap of the n-side
of the junction to vacant states in the VB of the p-side, as seen in
Fig. 3. There may be other sources of deep levels within the bandgap,
located on both sides of the junction, which contribute to this high
excess current. Several reports suggest that the forward current in
most nitride TJs is due to tunneling involving deep levels (i.e., mid-
bandgap levels).'*” Vadiee et al. showed that the valley current, but
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-3 — 420 meV
b . . ‘ _.190 meV
0 10 20 30 40 50

Length (nm)

FIG. 3. The energy band diagram schematically represented for the TJ structures.

not the negative resistance related peak current, of their TJs varies
approximately as the absolute temperature. We can see a similar tem-
perature dependence in our TJs.' It is fairly well established that valley
currents are defect related. At this stage, it can be difficult to pinpoint
the exact reasons for these highly desirable properties of this TJ struc-
ture. More work needs to be done to investigate these properties of the
InGaN films that are simultaneously heavily doped by both Si and Mg.

In general, the resistivity of the reverse bias TJ is slightly lower
than that in forward bias as shown in Fig. 2(b). It is possible that the
charge tunneling (reverse bias) is due to both band-to-band and deep
levels within the bandgap. It is very unlikely to have any band-to-band
tunneling in forward bias, and only defect assisted tunneling is taking
place. This was confirmed by the lack of negative resistance in I-V
measurements made at 77 K.

The integration of TJs into devices can be critical for the develop-
ment of multi-color LEDs and multi-junction solar cell (MJSC) struc-
tures." Thus, to highlight the potential of this TJ structure, the
photoluminescence (Fig. 4) of an n-on-p device with the incorporation
of a buried TJ is compared to that of a traditionally grown MQW on
GaN with similar PL emission. The active region of these devices con-
sists of InGaN/GaN multiple quantum wells (MQWs) grown similarly
to those described elsewhere.”® For the MQW on the TJ, the TJ is grown
similarly to that of TJ-1, followed by ~25 nm of p-GaN. A schematic of
this structure can be seen in Fig. 4(b). The active region is then capped
with approximately 40nm of low In-content InGaN, followed by
approximately 1-2nm of n-GaN. For the MQW on GaN, the active
region is followed by ~150 nm of p-GaN. The PL was taken using a
405 nm 40 mW laser diode for excitation with the same photomultiplier
tube (PMT) voltage for similar spectra comparison. Both MQWs are
emitting at approximately 490 nm. For the MQW on the TJ, an addi-
tional emission is observed at 444 nm, attributed to the underlying TJ.
The emissions were fit with a Gaussian distribution function. The width
of the MQW on GaN was found to be (27.0 = 0.2) nm and (24.8 = 0.2)
nm. As seen by the PL results in Fig. 4(a), we do not see substantial deg-
radation of the PL emission due to the underlying TJ, showing potential
for further integration into future devices. These devices are in fabrica-
tion and will be reported in the future work.
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FIG. 4. (a) Photoluminescence of a MQW grown on a TJ structure (red), compared
to a similar emitting MQW on GaN (black). (b) Schematic representation of the
MQW grown on the TJ structure.

In conclusion, we demonstrate TJs conducting in both forward
and reverse biases grown by MOCVD. These results are achieved by
addressing several of the Mg problems facing nitride-based TJ struc-
tures. We show that co-doping the n-side of the junction with both Si
an Mg seems to create deep levels within the bandgap, which enhance
tunneling under forward biased conditions. The resulting TJ I-V and
resistivities are reported, indicating the potential of this TJ design in
several device structures based on IIl-nitrides. We are not aware of
any previous MOCVD grown Ill-nitride TJs that display linear con-
duction in both forward and reverse biases.
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