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In this study, the growth of high quality N-polar InGaN films by metalorganic chemical vapor deposi-

tion is presented with a focus on growth process optimization for high indium compositions and the

structural and tunneling properties of such films. Uniform InGaN/GaN multiple quantum well stacks

with indium compositions up to 0.46 were grown with local compositional analysis performed by

energy-dispersive X-ray spectroscopy within a scanning transmission electron microscope. Bright

room-temperature photoluminescence up to 600 nm was observed for films with indium compositions

up to 0.35. To study the tunneling behavior of the InGaN layers, N-polar GaN/In0.35Ga0.65N/GaN

tunnel diodes were fabricated which reached a maximum current density of 1.7 kA/cm2 at 5 V reverse

bias. Temperature-dependent measurements are presented and confirm tunneling behavior under

reverse bias. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4983300]

I. INTRODUCTION

With a tunable direct bandgap ranging from 0.7 to

3.4 eV, the In-Ga-N alloy system has many attractive appli-

cations in optoelectronic and electronic devices, including

light emitting diodes, lasers, photodetectors, transistors, and

tunnel diodes.1–5 Success in optoelectronic applications so

far has been in devices emitting in the ultraviolet to green

regime, with InGaN active regions containing up to around

25% indium which can be grown with high quality. Devices

with higher indium mole fraction active regions, however,

typically suffer from increased defect densities and lower

quantum efficiency due to several factors. First, the lattice

mismatch between InN and GaN is 10%, so InGaN films

with high indium compositions grown on GaN are highly

compressively strained. Beyond a certain thickness relaxa-

tion of InGaN layers can occur via defect formation, signifi-

cantly degrading device performance.6 The use of very thin

InGaN layers to avoid such defect formation, on the other

hand, leads to a reduced Stokes shift7 and increased confine-

ment resulting in a blueshift of the emission and requiring

even higher indium compositions.8 Second, due to the ther-

mal instability of InN, the optimum growth temperature of

layers with a high indium content is significantly lower than

that of GaN, further increasing the probability of defect for-

mation due to the reduced surface mobility of adatoms and

inefficient pyrolysis of NH3 precursor molecules.9,10 Third,

the indium incorporation efficiency decreases with increas-

ing lattice mismatch, known as the compositional pulling

effect, necessitating even higher indium content and lower

growth temperatures to reach longer wavelengths.11–13

Finally, with increasing In composition, the quantum-

confined Stark Effect (QCSE) caused by the piezoelectric

polarization in the wurtzite crystal structure results in

increased carrier separation and reduced electron-hole wave-

function overlap.14 The above factors create serious chal-

lenges for the growth of high indium composition InGaN

QWs. While some groups have reported the growth of nomi-

nal In-polar InN quantum wells,15 recent analysis has indi-

cated that due to surface reconstruction during growth the

true composition of these layers may be around 33%.16,17

While the above factors apply to any crystallographic ori-

entation, there have been reports indicating that the indium

uptake efficiency is higher for films grown in orientations other

than the most commonly used (0001) þc-orientation, such as

semipolar18–20 or (000–1) N-polar films.21–23 The N-polar

(000–1) orientation has a reversed polarization direction com-

pared to the (0001) orientation,24,25 which can be utilized for

numerous device structures such as GaN/AlGaN high electron

mobility transistors (HEMTs),26–29 light emitters,30–34 detec-

tors,35,36 and solar cells.37 One particularly interesting applica-

tion is GaN/InGaN/GaN tunnel diodes, which benefit both

from the increased indium incorporation efficiency and from

the polarization in the N-polar orientation.38–41

While tunnel junctions have been fabricated with group

IV and traditional III/V semiconductors using degenerately

doped p-n junctions,42–44 the wide bandgap of GaN along

with limited hole concentrations due to acceptor self-

compensation makes it difficult to achieve high interband

tunneling currents in GaN p-n homojunctions. An alternative

approach is to use the intrinsic spontaneous and piezoelectric

polarization in the wurtzite crystal structure45,46 to reduce
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the tunneling barrier by inserting a strained AlN47–49 or

InGaN layer38–41 into the p-n junction. In these structures,

the high polarization charge discontinuity at a polar hetero-

interface creates strong band bending over a very small

distance. The energy band diagram (BandEng50) of an

InGaN-based tunnel junction is shown in Fig. 1. While GaN/

AlN/GaN devices have been demonstrated, the large

bandgap of AlN leads to a high tunneling resistance, lower

current density, and higher operating voltages.48 GaN/

InGaN/GaN tunneling devices have been fabricated in the

Ga-polar orientation by MBE with buried p-layers;40 how-

ever, the compensation of Mg acceptors by hydrogen atoms

during the metalorganic chemical vapor deposition

(MOCVD) growth process makes this orientation less desir-

able for samples grown by MOCVD since hydrogen cannot

readily diffuse through n-GaN layers during post-growth

thermal activation. In the N-polar orientation, such a struc-

ture can be grown with the p-layer on the top surface of the

sample so that hydrogen can diffuse out of the p-layer during

activation. The properties of N-polar GaN/(In,Ga)N/GaN

tunnel structures are discussed in detail in References 5, 38,

and 41. There are previous experimental reports of N-polar

GaN/InGaN/GaN tunnel junctions grown by MBE with In

compositions up to 0.40;38,39,41 however, to the best of our

knowledge these structures have not been demonstrated

using MOCVD.

In this work, the growth of InGaN films in the N-polar

orientation is presented with a focus on high indium contain-

ing layers. Short period multiple quantum well (MQW)

structures were used to investigate the indium incorporation

efficiency and the structural properties of N-polar InGaN

active regions, while GaN/InGaN/GaN tunnel diodes were

grown and fabricated to study the tunneling properties of the

InGaN layers.

II. EXPERIMENTAL

All samples in this study were grown in an atmospheric

pressure two-flow MOCVD reactor. In order to promote a

smooth surface morphology, the substrates used were sapphire

miscut 4� in the a-direction, corresponding to a 4� miscut in

the GaN m-direction.51 Following nitridation of the surface,

1–2 lm thick GaN templates were grown at 1200 �C using the

procedure reported elsewhere.25,51 To facilitate characteriza-

tion of the InGaN layers, triple quantum well (QW) structures

composed of 2–5 nm thick InGaN QWs were deposited at tem-

peratures between 725–830 �C using triethyl gallium (TEGa,

0.92–2.8 lmol/min), trimethyl indium (TMIn, 2.8–38 lmol/

min), and NH3 (1–9.5 slm) as precursors. The GaN barrier

layers were grown using a two-step process21 wherein an ini-

tial 4 nm GaN barrier was grown at the same temperature as

the well using N2 carrier gas and the remaining 6 nm GaN bar-

rier was grown using H2 at a temperature 30 �C higher than the

well growth temperature.

The MQW samples were characterized by room temper-

ature (RT) photoluminescence (PL) using the 325 nm line of

a He–Cd laser with an excitation density of 220 W cm�2.

The surface morphology was assessed using an Asylum

MFP3D atomic force microscope (AFM). The structural

properties were determined using x-ray diffraction (XRD).

To accommodate for the miscut, the samples were oriented

such that the x-ray beam was parallel to the miscut direction

(perpendicular to the surface steps), and the miscut was

accounted for with an offset in omega. Due to the low num-

ber of QWs and the surface undulations present from the

miscut, the number of superlattice fringe peaks was limited,

reducing the accuracy of the extracted layer thicknesses and

compositions. To determine the true local composition and

thickness, selected samples were analyzed using a scanning

transmission electron microscope (STEM) equipped with an

energy-dispersive x-ray (EDX) detector. The cross sectional

TEM samples were prepared in a FEI Nova 200 dual-beam

FIB/SEM by using the lift-out method. The TEM lamellas

were prepared by cutting sections of the samples perpendicu-

lar to the (11–20) direction so that the observation direction

was perpendicular to the steps that arose from the crystal

misorientation. The atomic STEM-HAADF images were

obtained in a JEOL ARM200F microscope equipped with a

spherical aberration (Cs) corrector (CEOS GmbH,

Heidelberg, Germany) and operated at 200 kV. The corrector

was carefully tuned by the Zemlin-tableau method with

Cs¼ 0.5 lm and the resolution was demonstrated to be

around 1 Å. Energy dispersive X-ray spectroscopy was per-

formed with an Aztec Energy Advanced Microanalysis

System with an X-MaxN 100 N TLE Windowless 100 mm2

analytical silicon drift detector. EDX point and line scans

were acquired in various regions of each sample. EDX com-

positions were calibrated using an In0.10Ga0.90N reference

sample. For samples where STEM/EDX analysis was not

performed, the compositions and thicknesses were extracted

from XRD data using a procedure which was adjusted to

match STEM/EDX observations for existing samples.

In order to assess the tunneling properties of the InGaN

layers, tunnel diodes were grown and fabricated using the

FIG. 1. Simulated band diagram (BandEng) for a N-polar GaN:Si/InGaN/

GaN:Mg tunnel diode. The polarization-induced electric field reduces the

depletion width significantly compared to a homojunction structure with

similar doping.
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epitaxial structure shown in Fig. 2. While highly doped

n- and p-layers are necessary for band alignment near the

junction, in thick layers very high doping can result in poor

morphology so only 10 nm of nþ and pþ-GaN were grown

on either side of the InGaN layer. After the growth of the

GaN template described above, a 500 nm thick n-GaN layer

was grown at 1200 �C with [Si]¼ 3� 1018 cm�3 followed by

a 10 nm nþ-GaN layer with [Si]¼ 2� 1019 cm�3. Next, a

3 nm thick InGaN layer was deposited at a temperature of

800 �C with TEGa¼ 1.4 lmol/min, TMIn¼ 18.6 lmol/min,

and NH3¼ 6 slm resulting in a composition of 0.35. After

the well growth, 4 nm of unintentionally doped GaN was

grown with N2 carrier gas using the same growth tempera-

ture as the well, followed by a 10 nm thick pþ-GaN layer

with [Mg]¼ 1� 1020 cm�3 at a growth temperature of

900 �C using H2 carrier gas. Finally, 60 nm p-GaN with

[Mg]¼ 3� 1019 cm�3 was deposited and the structure was

capped with a 10 nm thick pþ-GaN contact layer with

[Mg]¼ 1� 1020 cm�3. The TEGa and NH3 flows during p-

GaN growth were 4.6 lmol/min and 6 slm, respectively.

Capacitance-voltage measurements carried out on similar

n-GaN/p-GaN homojunctions showed an average hole con-

centration in the p-GaN layer of 7� 1017 cm�3. The uninten-

tional carbon and oxygen impurity concentrations in

undoped GaN layers grown under the same conditions were

around 4� 1016 cm�3.52 After the growth of the sample,

Ni/Au (40/100 nm) p-contacts were deposited using electron

beam evaporation, device mesas were formed via a Cl2/BCl3
reactive ion etch, and Ti/Au (25/250 nm) n-contacts were

deposited. Current-voltage curves for 50� 50 lm2 devices

were subsequently obtained using a semiconductor parame-

ter analyzer.

III. RESULTS AND DISCUSSION

A. Growth optimization

To achieve high quality, high indium composition films,

growth parameters in the well and barrier layers such as

growth temperature, choice of carrier gas, and input gas

flows needed to be carefully considered. One of the primary

parameters that determines the solid phase indium composi-

tion, x, of the InxGa1-xN layers is the input gas phase indium

composition (xg). To increase xg, one can either increase the

TMIn flow or decrease the TEGa flow. The effect of decreas-

ing the TEGa flow with constant TMIn flow is three-fold:

first, xg is increased as previously mentioned, second, the

growth rate of the layer is reduced, and third the V/III ratio

during growth increases. In order to determine the effect of

the growth rate and V/III ratio on the resulting InGaN layers,

a series of samples was grown where both the TEGa flow

and TMIn flow were varied resulting in five pairs of samples

each with the same xg grown with two different growth rates.

For each pair of samples, the resulting x was the same

regardless of the growth rate; however, the quality of the

layers as determined by AFM and XRD was higher for sam-

ples grown with the lower growth rate and higher V/III ratio.

Figures 3(a) and 3(b) show 20� 20 lm2 AFM height scans

of representative samples grown with the same xg¼ 0.835 at

a temperature of 740 �C with growth rates of 0.22 and

0.29 Å/s, respectively. For both samples, the x in the well

layers determined by XRD was 0.33; however, the sample

FIG. 2. Full tunnel diode structure used for electrical characterization.

FIG. 3. 20� 20 lm2 AFM scans of 3QW samples with well growth rates of

(a) 0.22 Å/s using TEGa¼ 1.4 lmol/min and TMIn¼ 7.0 lmol/min, and (b)

0.29 Å/s using TEGa¼ 1.8 lmol/min and TMIn¼ 9.3 lmol/min. The NH3

flow was kept constant at 6 slm. The average x determined by XRD was

0.33 for both samples; however, the lower growth rate yielded a smoother

surface.
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with the lower growth rate exhibited a significantly smoother

surface and narrower XRD peaks, indicating higher crystal-

line quality and uniformity. In addition, PL emission at

550 nm was observed for the sample grown at 0.22 Å/s, while

the sample with the higher growth rate did not show RT PL

emission. These results therefore indicated that the composi-

tion at a given temperature was primarily determined by the

gas phase indium fraction, while a lower growth rate resulted

in higher quality layers.

In addition to the group III precursor flows, another crit-

ical parameter in this study was the NH3 flow during growth.

While higher NH3 flows increase the availability of N-

species, this can also lead to a higher concentration of hydro-

gen in the growth environment which can decrease the

indium uptake.53–55 To determine the effect of NH3 on x in

the InxGa1-xN QWs, two series of samples were grown.

Series A was grown at 805 �C with TEGa¼ 1.4 lmol/min

and TMIn¼ 28 lmol/min, while Series B was grown at

770 �C with TEGa¼ 1.4 lmol/min and TMIn¼ 9.3 lmol/min.

For each series, the NH3 flow during the well layer deposition

was varied. Figure 4 shows the resulting x determined by

XRD. For both series, within the examined flow range

lower NH3 flows yielded higher x due to the decreased con-

centration of hydrogen gas in the growth ambient.54

However, for the samples in Series B grown with NH3

flows below 6 slm the PL intensity (not shown) decreased

by 4� compared to all samples with higher NH3 flows due

to higher impurity concentrations. Low NH3 flows lead to

an increase in the C and O residual impurity incorporation

into InGaN films, especially at low growth temperatures,

which prompted the investigations in the higher NH3 flow

range in this study.52

In addition to tuning the deposition conditions for the

InGaN wells, the growth parameters for the barrier layers

needed to be carefully chosen to achieve uniform thicknesses

and maintain sharp interfaces and smooth surfaces. During

the deposition process, indium acts as a surfactant25,56,57 and

excess indium adatoms can ride on the surface leading to

unintentional In incorporation into subsequent GaN barrier

layers58–61 as well as indium accumulation on the sample

surface. In this study, a two-step barrier process was critical

for capping the indium-containing well layers. The first part

of the barrier layer was grown under the same conditions as

the InGaN well using N2 carrier gas to avoid damage to the

InGaN layer.62 After the InGaN film was sufficiently pro-

tected, H2 was introduced and the growth temperature was

increased in order to achieve smooth barriers without form-

ing hexagonal hillocks.21 In order to determine the optimal

thickness of the N2 barrier, a series of samples was grown

where H2 was injected during low temperature barrier

growth after 2, 3, or 4 nm of GaN growth in N2 (Fig. 5). For

the sample where only 2 nm GaN was grown in N2, the

resulting x was below 0.26, whereas the samples with at least

3 nm N2 barrier resulted in a higher x around 0.29. In addi-

tion, the RT PL intensity of the sample with the thinnest N2

barrier was reduced by a factor of two compared to samples

with thicker N2 barriers. A similar trend was previously

observed for Ga-polar InGaN/GaN MQWs.60,63

By carefully tuning all of the parameters as discussed

above, it was possible to grow MQW stacks with x up to

0.46. As the composition of the InGaN layers was increased,

it was necessary to reduce the thickness of the layers in order

to maintain a good surface morphology and uniform layer

thicknesses. While layers with a thickness of around 5 nm

could be grown with x< 0.20, intermediate compositions

from 0.20 to 0.35 were achievable for 3 nm thick layers, and

samples with x> 0.35 were grown with a well thickness

around 2 nm. A 20� 20 lm2 AFM scan of a sample with a

moderate x¼ 0.24 is shown in Fig. 6(a). The step structure

of the underlying template was maintained throughout the

growth of the MQW stack, and the surface is smooth with

very few indium-rich features present. Figure 6(b) depicts

the cross-sectional STEM image of this sample imaged in

the h11–20i direction, where the atomic steps from the

FIG. 4. Effect of NH3 flow during well growth on x. Series A was grown at

805 �C with TEGa¼ 1.4 lmol/min and TMIn¼ 28.0 lmol/min. Series B was

grown at 770 �C with TEGa¼ 1.4 lmol/min and TMIn¼ 9.3 lmol/min.

FIG. 5. Effect of N2 barrier thickness on x (left axis) and PL intensity (right

axis). The TEGa, TMIn, and NH3 flows during well growth were 1.4lmol/min,

28lmol/min, and 6 slm, respectively.
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misorientation are visible at the bottom interface of each

well. The thickness and composition of each layer were very

uniform across the sample, and EDX point scans in each

well layer indicated that the average x in the wells was 0.24.

Figure 7(a) depicts a 20� 20 lm2 AFM scan of a sam-

ple with an average x of 0.44. While the density and size of

the indium-rich clusters on the surface are significantly

higher than those in the sample with x¼ 0.24, the underlying

step structure is still visible indicating that step-flow growth

was maintained. The cross-sectional STEM image of this

sample is shown in Fig. 7(b). Even with a significantly

higher x, excellent crystalline quality was maintained and no

defect formation or strain-relaxation was observed. The In

compositions determined from EDX point scans within each

well layer [marked by red dots in Fig. 7(b)] amounted to

0.46, 0.44, and 0.43 from top to bottom. The indium compo-

sition of 46% extracted for the top well was the highest com-

position confirmed by STEM/EDX in this study. In addition,

the unintentional In incorporation during the first part of the

GaN barrier growth observed in both the STEM image and

the corresponding EDX linescan experiments was around

0.05, comparable to Ga-polar MQWs.60

While all of the growth parameters studied had some

impact on the structural properties and uniformity of the

MQW stacks, as discussed earlier the QW composition was

primarily affected by the growth temperature and xg (Figs.

8 and 9). As expected, due to the thermal instability of InN,

which sublimes at temperatures around 550 �C, lower growth

temperatures yielded films with higher x. The dependence of x

on the QW growth temperature is shown in Fig. 8 for two dif-

ferent xg. For films with xg¼ 0.75, corresponding to a TEGa

flow of 2.8 lmol/min and a TMIn flow of 8.4 lmol/min, x in

the solid increased from 0.10 to 0.20 as the growth temperature

was reduced from 825 to 770 �C, and then saturated for lower

growth temperatures. In order to achieve higher In composi-

tions, xg was increased to 0.95 by decreasing the TEGa flow to

1.4 lmol/min and increasing the TMIn flow to 28 lmol/min.

The resulting x increased significantly from 0.28 to a maxi-

mum of 0.46 when the growth temperature was further reduced

from 770 to 725 �C. For growth temperatures below 725 �C,

the layer quality and uniformity declined significantly, likely

due to the reduced efficiency of NH3 cracking at low tempera-

tures and the increased strain in the InGaN layers9,11,12 result-

ing in the tendency to form metallic In droplets on the surface

rather than incorporating In into the growing film.

Figure 9 shows the dependence of x in the InxGa1-xN

QWs on xg for three different growth temperatures. At a

FIG. 6. (a) 20� 20 lm2 AFM image and (b) cross-sectional STEM image of

a sample containing In0.24Ga0.76N QWs, which were grown with TEGa

¼ 2.8 lmol/min, TMIn¼ 28 lmol/min, and NH3¼ 6 slm at 770 �C.

FIG. 7. (a) 20� 20 lm2 AFM image and (b) cross-sectional STEM image of

a sample containing In0.46Ga0.54N QWs which were grown with

TEGa¼ 1.4 lmol/min, TMIn¼ 28 lmol/min, and NH3¼ 6 slm at 740 �C.

Red circles indicate the location of EDX point scans within each QW.
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growth temperature of 825 �C, In compositions between 0.08

and 0.16 were achievable by increasing xg from 0.50 to 0.80.

When the temperature was reduced to 770 �C, higher compo-

sitions between 0.19 and 0.36 were obtained as xg was

increased from 0.75 to 0.97. As discussed earlier, in order to

maintain good structural quality for samples with x> 0.30, it

was necessary to decrease the TEGa flow (and correspond-

ingly decrease the growth rate and increase the V/III ratio) in

addition to increasing the TMIn flow.

Although the focus of this project was to fabricate tunnel

junction devices, the optical properties of the InGaN MQW

stacks were studied to gain further insight into the quality of

the InGaN layers. The MQW structures in this study exhib-

ited bright photoluminescence at room temperature ranging

from blue to yellow for layers with x< 0.35 (Fig. 10). The

emission wavelength increased linearly with increasing x,

with a maximum wavelength of 600 nm. To achieve emis-

sion from layers with x> 0.25, the thickness needed to be

reduced to 2 nm. For these samples, the emission was blue-

shifted due to the decreased Stokes shift and the increased

confinement in the thinner QWs,7,8 resulting in emission

wavelengths up to 560 nm for x< 0.35. The band edge

nature of the observed luminescence was confirmed in exci-

tation dependent PL measurements (not shown). Previous

temperature dependent PL measurements on similar MQW

FIG. 9. Solid phase In composition dependence on xg at three temperatures.

For each temperature, the thickness and growth rate of the layers were con-

stant and only the TMIn flow was varied.

FIG. 10. (a) Representative PL spectra for samples with 4 nm thick QWs

and (b) dependence of RT PL emission wavelength on x. For the highest

compositions, the emission is blueshifted due to the reduced thickness of the

InGaN layers.

FIG. 8. Solid phase In composition dependence on the QW growth tempera-

ture for two different xg. Samples with xg¼ 0.75 were grown with TEGa

¼ 2.8 lmol/min, TMIn¼ 8.4 lmol/min, and NH3¼ 6 slm, while samples with

xg¼ 0.95 were grown with TEGa¼ 1.4 lmol/min, TMIn¼ 28lmol/min, and

NH3¼ 6 slm.
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samples also showed the band edge character of the MQW

related luminescence.25,64 While films with higher composi-

tions were achieved, there was no observable luminescence at

room temperature for these samples. This is most likely due to

the circumstance that the highest composition layers were

grown at very low temperatures (725–740 �C) resulting in an

increase in the unintentional incorporation of carbon and oxy-

gen. Carbon and oxygen both incorporate predominately on

the N site in GaN, forming deep acceptor and shallow donor

states, respectively.65–67 In addition, both carbon and oxygen

can also exist in complexes with Ga vacancies resulting in the

creation of additional states within the bandgap.68–70 These

mid-gap states act as nonradiative recombination centers,

decreasing the luminescence intensity.

B. Tunnel diodes

In order to achieve high tunneling current in a GaN/

InGaN/GaN tunnel diode structure, the thickness and compo-

sition of the InGaN layer must be carefully chosen depend-

ing on the intended device operation.38 For a given indium

composition, there is a critical thickness (tcr) where the band

bending due to the polarization dipole is equal to the band

gap of InGaN, aligning the conduction and valence bands on

either side of the InGaN layer. In order to optimize for

tunneling under reverse bias, the InGaN thickness should be

equal to tcr, resulting in a backward diode, while devices

with tInGaN> tcr form an Esaki diode, allowing for high

tunneling current under forward bias.39 For the device shown

in Fig. 2, the thickness of the In0.35Ga0.65 N tunneling layer

was chosen to be equal to tcr to achieve high tunneling cur-

rent under reverse bias.

A comparison of the J-V characteristics between the

GaN/In0.35Ga0.65 N/GaN tunnel diode and a GaN p-n junc-

tion with the same doping but without an InGaN tunneling

layer is displayed in Fig. 11(a). While the forward bias cur-

rent of the sample with the InGaN tunneling layer is less

than 10� higher compared to the homojunction sample at

5 V, the sample with the InGaN tunneling layer showed

400� higher current density under reverse bias (�5 V)

where tunneling is the dominant conduction mechanism.

For the sample containing the InGaN tunneling layer, a

maximum current density of 1.7 kA/cm2 was achieved at

5 V reverse bias, comparable to previous demonstrations of

InGaN/GaN tunnel junctions grown by MBE.38,41 In con-

trast, for the sample with no InGaN layer, the reverse cur-

rent was over two orders of magnitude lower, as the

distance which carriers had to tunnel through was signifi-

cantly greater due to the increased depletion width of the p-

n junction. Note that the reverse current was still higher

than in typical p-n diodes due to the high doping in the nþ
and pþ regions of the diode.71

The results of temperature-dependent J-V measurements

for the structure containing the 3 nm thick In0.35Ga0.65 N

tunneling layer are shown in Fig. 11(b). The forward bias

current in a p-n junction primarily arises from thermionic

emission of carriers over the barrier and exhibited an expo-

nential dependence on temperature. In contrast, the current

under reverse bias (where Zener tunneling occurs) showed

significantly less variation with temperature. While a weak

temperature dependence is expected for band to band tunnel-

ing processes, defect assisted tunneling may also contribute

to the measured current. Additionally, some of the variation

with temperature under reverse bias is due to non-ohmic p-

contacts which demonstrated thermionic emission character-

istics by temperature-dependent p-TLM measurements (not

shown). In order to avoid thermal degradation of the high In

composition tunneling layers, the p-GaN:Mg layers were

grown at 900 �C, a temperature significantly lower than that

in previous studies.72 Experiments to further optimize the

growth and processing parameters of the p-layers for these

devices are currently underway.

FIG. 11. (a) J-V measurement comparing two tunnel diodes with (blue

curve) and without an InGaN tunneling layer (red curve), and (b)

temperature-dependent J-V measurements of a tunnel diode with the struc-

ture shown in Fig. 2.
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IV. CONCLUSIONS

High quality N-polar InGaN films were grown using

MOCVD, and their structural and tunneling properties have

been presented herein. QWs containing up to 46% indium

were achieved by tuning the growth temperature and gas

flows for both the well and barrier layers, while STEM/EDX

experiments showed high structural quality and confirmed

the compositions locally within the well layers.

Temperature-dependent J-V measurements conducted on

GaN/InGaN/GaN tunnel diode structures suggest tunneling

under reverse bias. The presented results outline a growth

window for growing high indium composition layers in the

N-polar orientation, which is of interest particularly for

polarization-engineered device designs including tunnel

diodes and transistors.
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