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Abstract: The InGaN films and GaN/InGaN/GaN tunnel junctions (TJs) were grown on GaN templates with plasma-assisted molec-
ular beam epitaxy. As the In content increases, the quality of InGaN films grown on GaN templates decreases and the surface
roughness of the samples increases. V-pits and trench defects were not found in the AFM images. p**-GaN/InGaN/n**-GaN TJs
were investigated for various In content, InGaN thicknesses and doping concentration in the InGaN insert layer. The InGaN
insert layer can promote good interband tunneling in GaN/InGaN/GaN TJ and significantly reduce operating voltage when dop-
ing is sufficiently high. The current density increases with increasing In content for the 3 nm InGaN insert layer, which is
achieved by reducing the depletion zone width and the height of the potential barrier. At a forward current density of
500 A/cm?, the measured voltage was 4.31 V and the differential resistance was measured to be 3.75 x 10-3 Q-cm? for the
device with a 3 nm p**-Ing35GagsN insert layer. When the thickness of the Ing35GaggsN layer is closer to the “balanced” thick-
ness, the TJ current density is higher. If the thickness is too high or too low, the width of the depletion zone will increase and
the current density will decrease. The undoped InGaN layer has a better performance than n-type doping in the TJ. Polariza-
tion-engineered tunnel junctions can enhance the functionality and performance of electronic and optoelectronic devices.
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1. Introduction

Tunnel junctions (TJs) provide a promising method for
the hole injection of p-type GaN. Several research groups
have reported preliminary studies of TJs['-5L. In reverse biased
TJs, electrons in the valence band of p-type materials tunnel
into the conduction band of n-type materials. Efficient tunnel-
ing junctions in Il-nitride devices can help achieve new
device structures and also enhance the performance of elec-
tronic and optoelectronic devices6-1%, However, the low effi-
ciency of the interband tunneling process hinders the
widespread application of TJs in electronic and optoelec-
tronic devices. Polarization engineering can overcome the
inherent obstacles of these materials. This is done by using
the interfacial polarization of the GaN/AlGaN/GaN['': 12 or
GaN/InGaN/GaN[® 13, 141 junction to induce the high electric
field so that the valence band and conduction band on both
sides of the junction are aligned. When the InGaN barrier
with a lower band gap is used, the decrease of the depletion
width and the decrease of the energy barrier results in the
high reverse current density['%! of the GaN-based tunnel junc-
tion and the tunneling characteristics of the negative differen-
tial resistancel'6.17],
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Efforts are also being made to develop tunnel junc-
tions grown by metal-organic chemical vapor deposition
(MOCVD)!"0. 18,191 and low-resistance TJ has been achieved
using InGaN layers with high In content (40%)2%. However,
the use of an InGaN insert layer with a higher component will
lead to the deterioration of material quality, strain manage-
ment and other problems. The use of the high-component
InGaN insert layer in TJs remains the main challenge in
MOCVD growth. Mg activation is required, which is a big chal-
lenge for tunnel junctions grown by MOCVD. The top of a typi-
cal tunnel junction used in optoelectronic devices is covered
by an n-type layer. It has been reported that hydrogen can
only pass through the p-type layer, but not the n-type
layer(21. 22 |t requires very complex technological means to
activate Mg by mesas etching and thermal annealing!'8.

In this work, the InGaN films and GaN/InGaN/GaN TJs
were grown on GaN templates by plasma-assisted molecular
beam epitaxy (MBE). There is no memory effect of Mg grown
by MBE and annealing process after growth is not required
since Mg is not passivated by hydrogen. We characterized
the properties of InGaN films and we have systematically inves-
tigated the effect of the InGaN insert layer in TJs on device
electrical properties, in which the InGaN insert layers was vari-
ous in In composition, InGaN thicknesses and doping concen-
tration. Our results show that GaN/InGaN/GaN TJs can pro-
mote good interband tunneling and significantly reduce oper-
ating voltage when doping sufficiently large. These low-resis-
tance TJs can be applied to high-power LEDs and laser
diodes.
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Fig. 1. (Color online) (a) Schematic diagram of the device structure including GaN/InGaN/GaN TJ. (b) Equivalent circuit diagram of the device.

Table 1. The specific structural parameters of GaN/InGaN/GaN TJ.

p**-GaN: 20 nm (1020 cm~3)

Insert layer InGaN

n**+-GaN: 10 nm (1020 cm~3)

Sample A Mg: 1 p**-Ing1GagoN: 3 nm Si: 0.5
Mg: 1 x 1020 cm-3

Sample B Mg: 1.2 pt+-Ing1GagoN: 3 nm Si: 1.5
Mg: 6 x 1020 ¢cm—3

Sample C Mg: 1.2 p**-Ing25Gag7sN: 3 nm Si: 1.5
Mg: 6 x 1020 cm—3

Sample D Mg: 1.2 p**-Ing35Gag sN: 3 nm Si: 1.5
Mg: 6 X 1020 cm-3

Sample E Mg: 1.2 No InGaN insert layer Si: 1.5
Mg: 6 x 1020 cm—3

Sample F Mg: 1.2 Uid-Ing35GagesN: 3 nm Si: 1.5

Sample G Mg: 1.2 Uid-Ing35GaggsN: 5 nm Si: 1.5

Sample H Mg: 1.2 Nn-Ing 35Gag gsN: 3 nm Si: 1.5

Si: 2% 109 cm—3

2. Experiment

The samples in this article were grown with the GEN-20A
MBE system. The GEN-20A MBE system is a plasma-assisted
MBE using a plasma nitrogen source. Other sources such as
In, Ga, Mg, and Si are all elemental sources. The N, flux and
radio-frequency plasma power used during the growth were
1.5 sccm and 330 W, respectively. We first grew three single-
layer InGaN samples with different In contents on the GaN tem-
plates, named S;, S,, and S; according to the In content from
low to high. After determining the single-layer InGaN, we pre-
pared a device containing GaN/InGaN/GaN tunnel junctions,
and all structural parameters are shown in Fig. 1. The
schematic diagram of the device structure is shown in
Fig. 1(a). The epitaxial layers were grown on GaN templates.
Firstly, there is a PIN structure, including a 2 um n-GaN layer,
a 20 nm undoped GaN layer, and a 120 nm p-GaN layer. Then
there is a p**-GaN/InGaN/n**-GaN TJ layer. The thickness of
the p**-GaN layer is 20 nm, and the Mg doping concentra-
tion is 1.2 x 10%° cm~3. The thickness of the n*+-GaN layer is
10 nm, and the Si doping concentration is 1.5 X 1020 cm—3,
The In content of the InGaN insert layer was designed to be
10%, 25%, and 35%. The thickness of InGaN layer was
designed as 3 nm and 5 nm. The doping type at the InGaN

insertion layer also varied. Last, a 200 nm thick n-GaN con-
tact layer (Si: 1 x 10" cm=3) was grown. The specific struc-
tural parameters of GaN/InGaN/GaN TJs are listed in Table 1.
After the epitaxial growth was completed, in order to con-
duct IV testing, n-type metal electrodes were deposited at
both the upper and lower n-GaN layers. The n-type GaN lay-
ers were grown at 760 °C (Si: 1 x 10" cm~3) and 680 °C (Si:
1.5 X 1020 cm3, the layer at the TJ). The p-type GaN layers
were grown at 760 °C (Mg: 2 x 10" cm~3 and Mg: 1.2 X
1020 ¢m~3). The InGaN layers were grown at 680, 630, and
600 °C, and the corresponding In contents were 10%, 25%
and 359%, respectively. The temperature was measured by the
thermocouple, and the wafer temperature is about 90% of
the temperature of the thermocouple. Fig. 1(b) shows the
equivalent circuit diagram of the device. The resistance in the
entire circuit can be divided into three parts, including con-
tact resistance, bulk resistance, and tunnel junction resis-
tance. Among them, the contact resistance includes the n-
GaN ohmic contact resistance R.; on the top surface and the
n-GaN ohmic contact resistance R., on the lower mesa. Bulk
resistance include upper n-type bulk GaN resistance R,;, p-
type bulk GaN resistance R, lower n-type bulk GaN vertical
resistance R, and lower n-type bulk GaN lateral resistance
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Fig. 2. (Color online) XRD w—26 patterns of the three samples (a) S,
(b) S,, () Ss. The black curve represents the experimental curve, while
the red curve represents the simulation curve.

Rn3. Junction resistance includes tunnel junction resistance
Ry and pn junction resistance.

The samples were processed by lithography techniques.
Firstly, photoetching a window is required by etching. Sec-
ondly, etching mesa by ion beam etching equipment. Thirdly,
photoetching metal windows on the mesa and under the
mesa. Lastly, depositing metal, wherein the contact metal on
the mesa and under the mesa is n-type ohmic contact, and
the metal of each layer is classified as Ti/Al/Ti/Au. The In con-
tent of the InGaN layers was calibrated by X-ray diffraction
(XRD). The surface morphology of the InGaN layers was charac-
terized by atomic force microscope (AFM). The doping concen-
trations of Mg and Si were calibrated by secondary ion mass
spectroscopy (SIMS) on separate doping calibration growth
stacks. The interface at the tunnel junction was character-
ized by high-resolution transmission electron microscopy
(HRTEM).

3. Results and discussion

As mentioned earlier, we grew three bulk layer InGaN
films on GaN templates, named S;, S,, and Sz according to
the In content from low to high. The XRD w-26 patterns of
the three samples are shown in Figs. 2(a)-2(c). Due to the
InGaN layer thickness of 300 nm, assuming that the three
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Fig. 3. (Color online) Surface AFM images of the three samples (a) S;,
(b) S, () Sa.

films are completely relaxed, according to XRD fitting results,
the In contents of the three are 10%, 25%, and 35%, respec-
tively. The surface AFM images of the three samples are
shown in Figs. 3(a)-3(c). The surface morphology of samples
S1, Sy, and S; are all three-dimensional island morphology.
The surface roughness of the three samples are 0.68, 1.03
and 1.14 nm, respectively. With the increase of In content in
the sample, the surface undulation becomes larger and the
roughness increases. The morphology of high In content
InGaN reported by other groups is also the samel23-251, When
the migration distance of atoms is less than the width of the
terrace, atoms far away from the terrace will not be able to
migrate to and incorporate into the step edge, but will
directly nucleate on the terrace, resulting in a three-dimen-
sional island growth mode. In addition, V-pits?¢! and trench
defectsl2”] were not found. The HRTEM image of the tunnel
junction is shown in Fig. 4. The tunnel junction interface is rela-
tively flat, and the thickness of the InGaN layer is about
2.6 nm, which is about the same as our designed thickness of
3nm.

To study the effect of Mg and Si doping concentrations
in TJs on device I-V characteristics, we prepared samples A
and B. The doping concentration of p*+-GaN/p**-InGaN/n*+-
GaN in sample A is 1 x 1022 cm=3, 1 x 1020 cm~3, and 5 x
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Fig. 4. HRTEM image of the tunnel junction.

109 cm3 respectively, and the corresponding doping concen-
tration in sample Bis 1.2 x 1020 cm~3, 6 x 1020 cm~3, and 1.5 x
1020 ¢cm-3, respectively. The -V curves of the samples are
shown in Fig. 5(a). Through circular transmission line testing,
it was confirmed that the top n-type contact is an ohmic con-
tact. At a current density of 200 A/cm?, the measured volt-
ages of samples A and B were 8.49 and 3.40 V, respectively.
As the forward current density reached 500 A/cm?, the volt-
age of sample A exceeded 10 V, the sample B showed for-
ward voltage of 5.51 V. The InGaN insert layer can promote
good interband tunneling in the GaN/InGaN/GaN TJ and signifi-
cantly reduce operating voltage when doping is sufficiently
high. This can be explained by the following reasons. Firstly,
with the increase of Mg and Si doping concentration, the
built-in electric field in the TJ is enhanced, as a result the bar-
rier width is reduced, and thus the tunneling probability is
increased. Second, owing to higher doping concentrations,
more electrons and holes in a certain energy level satisfies
the tunneling condition, and then result in a larger tunneling
current. Third, deep level defects will be generated under heav-
ily doped materials, which will form auxiliary tunneling levels
and reduce the barrier required for tunneling. The equiva-
lent band diagram of a GaN/InGaN/GaN TJ can be referenced
in literaturel(28,

The change of differential resistance at forward current
density is shown in Fig. 5(b). Sample A and sample B had differ-
ent differential resistance changes. Sample A exhibited high
resistance at very low current density (less than 30 A/cm2),
and the differential resistance dropped sharply when the sam-
ple was turned on. Sample B showed a decrease in differen-
tial resistance with increasing forward voltage. Compared
with sample A, sample B showed a lower operating voltage
and lower differential resistance, which is attributed to higher
Si and Mg doping concentrations in TJs.

To study the effect of In content in the InGaN insert layer
on device -V characteristics, we prepared sample B, C, D and
E. The In content of the InGaN insert layer was designed to
be 10% (sample B), 25% (sample C), 35% (sample D), and 0%
(sample E, no InGaN layer). The /-V curves of the four sam-
ples are shown in Fig. 6(a). At a current density of 500 A/cm?,
the measured voltages of samples B, C, D, and E were 5.64,
5.21, 431, and 6.02 V, respectively. As the current density
reached 2000 A/cm?, the devices showed voltages of 9.29,
8.28, 7.57, and 9.47 V, respectively. These results show that
the operating voltage of sample D (3 nm Ing35GaggsN) is
much lower compared to sample E (no InGaN). The change of

differential resistance at the forward current density is shown
in Fig. 6(b). The change in differential resistance of the four
samples is very similar, and the differential resistance
decreases with increasing forward voltage. At a current den-
sity of 500 A/cm?, the differential resistances were measured
to be 4.82 x 1073, 3.72 x 1073, 3.75 x 1073, and 4.52 X
1073 Q-cm? for samples B, C, D and E respectively. Samples C
and D showed lower voltage and lower differential resis-
tance across all current ranges compared to samples B and E.
With the increase of In content in the InGaN insert layer, the
band gap of InGaN becomes narrower and the tunneling bar-
rier height becomes lower. On the other hand, the polariza-
tion field also increases with the increase of In content, and
the tunneling barrier width becomes narrower. Therefore, the
current density at the same forward bias voltage increases.

To study the effect of thickness of Ing35GaggsN insert
layer in TJ on device -V characteristics, we prepared sample
E, sample F and sample G. The thickness of the Ing35GagesN
insert layer was 0 (sample E, no InGaN layer), 3 (sample F),
and 5 nm (sample G). The |-V curves of the samples are
shown in Fig. 7. At a forward current density of 1000 A/cm?,
the measured voltages of samples E, F and G were 7.68, 5.61
and 6.65 V, respectively. Under the same bias voltage, the cur-
rent density of sample E was the smallest, the current den-
sity of sample F was the largest, and the current density of
sample G was between the two. When the polarization elec-
tric field generated by the InGaN interlayer aligns the valence
band of p-type GaN with the conduction band of n-type GaN,
implying that they are in the same quantum statel”), and the
thickness of InGaN is called as the “balanced” thickness. For
InGaN with an In content of 0.35, the “balanced” thickness is
estimated to be 3 nm[28, When the thickness of InGaN (sam-
ple E: InGaN 0 nm) is less than the “balanced” thickness (sam-
ple F: InGaN 3 nm), the width of depletion region near the
interface of n-type GaN and p-type GaN increases, that is, the
width of the barrier increases. When the thickness of InGaN
(sample G: InGaN 5 nm) is greater than the “balanced” thick-
ness (sample F: InGaN 3 nm), the width of the InGaN barrier
layer increases. The tunneling barrier mainly comes from the
InGaN interlayer. In n-type GaN and p-type GaN, although the
width of the carrier depletion region decreases, the increase
of the barrier width in the middle InGaN layer is larger than
the decrease of the barrier width in both sides, so the total tun-
nel probability decreases and the tunneling current density
decreases.

To study the effect of doping in the Ing35GagesN insert
layer on device I-V characteristics, we prepared sample F and
sample H. The InGaN layer in sample F was not doped, and
the InGaN layer in sample H was doped with Si with a concen-
tration of 2 x 10" cm=3. The /-V curves of the samples are
shown in Fig. 8. At a forward current density of 1000 A/cm?,
the measured voltages for sample F and sample H were 5.61
and 6.91 V, respectively. In the whole range, the current den-
sity of sample F is higher than that of sample H under the
same forward bias voltage. Since the actual doping curve is
not exactly the same as the ideal, the doping curve would be
trailing. If Si doping is present in the InGaN insert layer (com-
pared to no Si doping), a portion of Si will be incorporated
into the p-type GaN layer?, reducing the hole concentra-
tion in the p-type GaN layer and increasing the tunneling dis-
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tance. This doping profile may be the primary cause of the
higher operating voltage. We can confirm this conjecture
through SIMS testing. The distribution of acceptors (Mg) and
donors (Si) at the interface of the tunnel junction has a great
influence on the resistivity of the tunnel junction. Akatsuka
found that an overlap between Mg and Si at the tunnel junc-
tion interface was effective in helping to obtain a lower resistiv-
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Fig. 8. (Color online) I-V curves of the samples, doping in InGaN layers
at tunnel junctions changes.

ity of the GaN tunnel junctionsB3%, We may be able to tune
the doping profile at the tunnel junction to control the tun-
nel junction resistivity.

4, Conclusion

In summary, the InGaN films and GaN/InGaN/GaN tunnel
junctions (TJs) were grown on GaN templates by plasma-
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assisted MBE. As the In content increases, the quality of
InGaN films grown on GaN templates decreases and the sur-
face roughness of the samples increases. V-pits and trench
defects were not found in the AFM images. p**-
GaN/InGaN/n**-GaN TJs were investigated for various In con-
tent, InGaN thicknesses and doping concentration in the
InGaN insert layer. InGaN insert layer can promote good inter-
band tunneling in GaN/InGaN/GaN TJs and significantly
reduce operating voltage when doping is sufficiently high.
The current density increases with increasing In content for
3 nm InGaN insert layer, which is achieved by reducing the
depletion zone width and the height of the potential barrier.
At a forward current density of 500 A/cm?, the measured
voltage was 4.31 V and the differential resistance was mea-
sured to be 3.75 x 103 Q-cm? for the device with the 3 nm
p™+-Ing3sGagesN insert layer. When the thickness of the
Ing35GagesN layer is closer to the “balanced” thickness, the TJ
current density is higher. If the thickness is too high or too
low, the width of the depletion zone will increase and the cur-
rent density will decrease. The undoped InGaN layer has bet-
ter performance than n-type doping in TJs. Polarization-engi-
neered tunnel junctions can enhance the functionality and per-
formance of electronic and optoelectronic devices.
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