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Abstract

Current-voltage (IV) characteristics of two AlGaN-based deep ultraviolet (DUV) light-emitting
diodes (LEDs) with differing densities of open-core threading dislocations (nanopipes) are analyzed. A
three-diode circuit is simulated to emulate the IV characteristics of the DUV-LEDs, but is only able to
accurately model the lower leakage current, lower nanopipe density DUV-LED. It was found that current
leakage through the nanopipes in these structures is rectifying, despite nanopipes being previously
established as inherently n-type. Using defect-sensitive etching, the nanopipes are revealed to terminate
within the p-type GaN capping layer of the DUV-LEDs. The circuit model is modified to account for
another p-n junction between the n-type nanopipes and the p-type GaN, and an excellent fit to the [V
characteristics of the leaky DUV-LED is achieved.



INTRODUCTION

Solid-state deep ultraviolet (DUV) light-emitting diodes (LEDs) and laser diodes (LDs) have a
diverse set of potential applications in medicine,' public health,” and security.” These devices could also
be used to enhance or enable other electronic technologies such as optical data storage’ and
photolithography.” The tunable bandgap of the Al,Ga,,N materials system enables these alloys to be
engineered and customized to fit a specific need,’ such as DNA inactivation.” Despite the potential
impact of high-efficiency DUV emitters and substantial efficiency gains in recent years,® AlGaN-based
DUV-LEDs still have external quantum efficiencies that fall behind more developed InGaN-based visible
light emitter technologies.’

High Al-content AlyGa;N alloys are susceptible to the formation of threading dislocations and
point defects as a result of the lower surface mobility of Al adatoms and the lack of a native lattice-
matched substrate.'” These defects can have many types of detrimental effects on optoelectronic devices,
such as acting as non-radiative recombination centers'' or electrical current leakage paths.'> Although a
great deal of effort has been invested into the suppression, mitigation, and annihilation of these crystalline
defects,” " further improvement is warranted to increase optoelectronic device external quantum
efficiencies and enable widespread application of AlGaN-based DUV-LEDs. '

Open-core threading dislocations'’ have been shown to limit the performance of electronic and
optoelectronic devices through electrical current leakage."*® Also known as “nanopipes”, these
dislocations have been described as hollow tubes with (10-10) facets in the epitaxially grown material and
have been observed to range in size from 2 nm to 50 nm.*' Nanopipes can be detected through atomic
force microscopy (AFM), conductive AFM (CAFM), transmission electron microscopy (TEM), and even
optical microscopy with the assistance of defect-sensitive etching.”'” Recently, the mechanism of
electrical current transport through these dislocations has been attributed to oxygen impurities segregated
along the nanopipe inner wall.”**® Oxygen atoms contribute to Ga-O complexes which act as shallow
donors and form a conductive impurity band approximately 78 meV below the conduction band,
potentially shunting electric current and bypassing quantum wells or p-n junctions. In this way,
nanopipes are particularly deleterious to optoelectronic device performance. However, the atomic-level
mechanism of nanopipe formation is not yet clear,”” which obscures the prevention of these defects during
growth.

In this work, the electrical characteristics of open-core threading dislocations in Aly;Gag 3N alloys
and DUV-LEDs are investigated. Current-voltage (IV) characteristics of UV-LEDs with different
nanopipe densities and IV characteristics of individual nanopipes in Aly;,Gag;N are discussed. A three-
diode circuit is constructed using SPICE ** to model the electrical behavior of UV-LEDs with different
nanopipe densities. Finally, a defect-sensitive etch is applied to high nanopipe density Aly;Gay;N and
DUV-LEDs, confirming implications of the circuit model and yielding insight into nanopipe behavior in
DUV-LEDs.



EXPERIMENTAL

Epitaxial heterostructures of Aly;Gags;N/AIN and DUV-LEDs were grown in a Veeco D-125
metalorganic chemical vapor deposition (MOCVD) chamber at 75 Torr. Trimethylgallium (TMG),
trimethylaluminum (TMA) and ammonia were used as precursors to grow the Aly;GagsN layers, while
silane and bis(cyclopentadienyl)magnesium were used as dopants. Substrates used for the growth of
these films were (0001) c-plane sapphire misoriented 0.2° toward the m-plane.

The Aly;,GagsN templates consisted of 1.3 pm of Si-doped Alp;GagsN with an electron
concentration of 4 x 10" cm™ grown on a 3.75 um AIN buffer layer on sapphire. All of the Aly;Gag;N
templates had a total threading dislocation density of 3 x 10° cm™ determined by x-ray diffraction.”” A
defect-selective hot phosphoric acid etch was used to decorate and quantify open-core threading
dislocations in the Aly-,Gags;N templates.21 A 150 nm thick Mg-doped GaN layer was grown on one
template for electrical characterization by CAFM and defect-sensitive etching.

DUV-LED structures with a peak emission wavelength of 270nm were then grown on the n-
Aly7Gag;N templates. The DUV-LED structure consisted of a 500 nm thick Si-doped n-Alj¢sGagssN
contact layer, a 3-period multi-quantum well (MQW) active region, a Mg-doped Aly¢Gay N electron
blocking layer, and a 150 nm thick Mg-doped GaN p-contact layer. The active region consisted of
Alp 44GagseN QWs and AljssGag4sN barriers that were nominally 2.6 nm and 4.3 nm thick, respectively.
The doping in the n-contact layer and the p-contact layer were 9 x 10" electrons/cm’® and 5 x 10"
holes/cm’, respectively. The as-grown LED structures were then processed into fabricated into 300 pm x
300 um devices.***!

The current-voltage characteristics of the fabricated DUV-LEDs were modeled using the freely
available LTspice program from Linear Technology Corporation.® Vertical current leakage paths
through the Si-doped Aly;Gag;N templates and the p-type GaN / n-type Aly;GagsN junctions were
located and analyzed in air using a Bruker Nanoscope V scanning probe microscope with a CAFM
attachment and Bruker RMN-12PT300B platinum probes. Details regarding the CAFM measurement and
defect-sensitive etch can be found elsewhere.”



RESULTS AND DISCUSSION

Two DUV-LEDs with a similar total threading dislocation density of 3 x 10° cm™ but different
nanopipe densities were investigated. The nanopipe densities were determined using a defect-sensitive
etch on Aly;,Gag;N templates produced in the same growth run as the underlying Aly;Gao;N templates
used for each DUV-LED. In a previous study, the distribution of etch pits was found to be similar across
multiple Aly;GagsN templates produced in the same growth run. Therefore, the nanopipe densities of the
UV-LEDs can be accurately quantified without directly interfering with the growth surface of the
underlying template. The average density of nanopipes in DUV-LED A was 1.1 x 10* cm™ which
translates to approximately 10 nanopipes per 300 pum % 300 um device. The average density of nanopipes
in DUV-LED B was 1.2 x 10° cm™, which translates to approximately 1100 nanopipes per 300 pm x 300
um device.

Shown in Figure 1 are current-voltage (IV) responses of both DUV-LEDs A and B, which have
separate regimes marked by dashed lines. The electrical mechanisms that dominate each regime are:
series resistance (0V-0.5V), carrier recombination in the space-charge region (0.5V-3.25V), carrier
recombination in the quasi-neutral region (3.25V-7V), and shunt resistance (>7V).”> However, DUV-
LED B exhibited an effectively lower turn on voltage of 2V (versus 3.25V for DUV-LED A), and up to
two orders of magnitude larger current between 2V and 4.5V of applied bias. This elevated level of
current is attributed to the higher density of electrically conductive nanopipes in DUV-LED B."
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Figure 1. 1V curves of two UV-LEDs with different open-core threading dislocation (nanopipe) densities.

Both LEDs exhibit regimes dominated by shunt resistance, carrier recombination in the space charge
region, carrier recombination in the quasi-neutral region, and series resistance.
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The DUV-LEDs IV characteristics were modeled with LTspice™ using the three-diode circuit
shown in Figure 2. The three diodes in the circuit model represent carrier recombinations in the space
charge region of the diode, carrier recombinations in the quasineutral region of the diode, and a small
Schottky barrier at the contact™ Parameters for each of the ideal diodes and resistors in the circuit were
extracted from the DUV-LED IV responses in Figure 1. The IV characteristics of the simulated and
fabricated DUV-LEDs are plotted together in Figure 3.
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Figure 2: Equivalent circuit model, consisting of three diodes and two resistors, simulated in SPICE to
emulate the IV characteristics of the DUV LED:s in this study.
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Figure 3. Current-voltage characteristics (dashed lines) of fabricated DUV-LEDs, and SPICE simulations
(solid lines) of DUV-LED circuits using the three-diode model shown in Figure 2. An excellent fit was
achieved between the measured and modeled IV of (a.) DUV-LED A with approximately 10 nanopipes,
but an acceptable fit could not be established for (b.) the DUV-LED B with approximately 1100
nanopipes.

In Figure 3(a), there is a good agreement between the modeled and measured IV data for DUV-
LED A, demonstrating that the three-diode circuit model in Figure 2 is capable of emulating low-leakage
DUV-LED IV curves. However, an acceptable fit could not be established between the modeled and
measured IV data for DUV-LED B as shown in Figure 3(b), which had a nanopipe density two orders of
magnitude higher than that of DUV-LED A. The modeled IV characteristic of DUV-LED B deviates
from the experimentally recorded IV data from 2V to 4.5V, and could not be reconciled by manipulating
the parameters of the circuit elements shown in Figure 2. Thus, the circuit model in Figure 3 is unable to
emulate high-leakage UV-LEDs, and must be modified to achieve a better fit to the measured IV
characteristics.



As shown by the IV in Figure 3(b), the deviation between the measured and modeled IV
characteristics is non-linear in nature. This behavior is somewhat counter-intuitive, since electrical
conduction by nanopipes should be analogous to current through a resistor. The nonlinearity of the
leakage current from 2 to 4.5V in the measured IV characteristic of DUV-LED B suggests that a more
complex phenomenon is involved.

To electrically probe individual nanopipes in the epitaxially grown materials, CAFM was
performed on the n-Alj;Gag ;N templates and the p-GaN / n-Aly ;Gag ;N heterostructures. The p-GaN / n-
Aly7Gag ;N heterostructure consisted of the n-Aly;Ga, ;N template with a p-GaN cap layer, and is similar
to a typical DUV-LED structure, only without the quantum wells and electron block layer. Conductive
silver paste was applied to a diamond scribe mark on each sample to maintain electrical contact to the n-
type layers, while the voltage of the platinum CAFM tip was varied between -10V to +10V. This
measurement proved difficult since nanopipes are not only difficult to observe by optical microscopy, but
also have been shown to rapidly passivate when electrically probed.** This characteristic inhibits the use
of CAFM to find a nanopipe in an area before collecting a localized IV characteristic. Therefore, a brute
force technique was employed, whereas the CAFM was periodically moved across the surface, and a
separate [V characteristic was recorded at each micron in length across the path.

Most IV characteristics were predictably collected on non-leaking locations, where < 2nA of
current was measured at an applied bias of 10V. In contrast, CAFM current at some locations exceeded
500 nA with an applied bias less than 7.5V. These discrete locations of increased CAFM current are
attributed to a nanopipe in the material directly under the CAFM tip. Several IV characteristics recorded
at nanopipe locations in an n-Aly;Gay;N template are shown in Figure 4(a), while the IV characteristics
recorded at nanopipe locations in a p-GaN / n-Aly;Gags;N heterostructure are shown in Figure 4(b). The
inset of Figure 4(b) also shows an IV characteristic of a non-leaking location on the p-GaN / n-Al, ;Gay ;N
heterostructure, but on a much smaller current scale.
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Figure 4: IV characteristics at electrical current leakage sites on (a.) an n-type Aly;,Gag;N template
exhibiting conduction in both forward- and reverse-bias, and (b.) a p-type GaN / n-type Aly;Gay;N
junction exhibiting rectifying behavior. An IV characteristic of a non-leaking location of the p-type GaN
/ n-type Aly-,Gag ;N junction is shown in the (b.) inset.



As shown by the IV characteristics recorded at a nanopipe on the n-type Aly;Gao;N template in
Figure 4(a), current is able to pass through the nanopipe in both forward and reverse bias. The ~5V
required to turn on the leakage, in either forward or reverse bias, is the result of the relatively poor contact
between the CAFM tip and the sample surface. In this case, the nanopipe behaves simply as a resistor.

On the contrary, as shown by the IV characteristic recorded at a nanopipe in the p-type GaN / n-
type Alg7Gag ;N heterostructure in Figure 4(b), current is only able to pass through a nanopipe in forward
bias for the available voltage range. In this case, the formation of a p-n junction causes the nanopipe to
behave like a diode. To confirm that the IV characteristic in Figure 4(b) is actually recorded at a
nanopipe and is not the electrical response of the LED itself, another IV characteristic recorded at a non-
leaking location in the p-n heterostructure, and is included as an inset of Figure 4(b). This inset is plotted
on a drastically smaller current scale, illustrating that hardly any current is able to conduct in either
forward or reverse bias for the applied voltage range. At maximum forward bias of +10V, the diode itself
is just beginning to turn on as indicated by the slight increase in current. This information indicates that
nanopipes are indeed the source of the non-linear, diode-like behavior of the leakage current in the high
nanopipe density DUV-LED in Figure 3(b).

The diode-like behavior of the leakage in the p-GaN / n-Aly;Gag 3N heterostructures suggests that
the nanopipe terminates at (or within) the p-GaN without threading all the way to the device surface. The
termination of the nanopipe at the p-GaN interface would be consistent with the non-linear behavior of
the leakage sites. Since a nanopipe acts as a highly conductive n-type material, the adjacent p-GaN would
form a different p-n junction with the nanopipe. An illustration of this hypothesized behavior of
nanopipes in these UV-LED structures is shown in Figure 5.
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Figure 5: Illustration of a nanopipe threading path in the p-GaN / n-Al;Gag;N heterostructure grown to
elucidate the non-linear I'V behavior exhibited by the high-leakage LED in Figure 3(b).

Defect-sensitive etching was used to test this hypothesis. This process consists of using
phosphoric acid heated to 160 °C to enlarge nanopipes so they can be observed and quantified by an
optical microscope.” This nanopipe decoration is accomplished by anisotropic etching along the (10-10)
inner walls of the dislocation’s open core. However, the acid is only able to enter these nanopipes and
laterally etch if the dislocations thread to the surface of the epitaxially grown material.



To this end, this etch process was applied to an n-Aly;Gao;N template and a p-GaN / n-
Aly7Gay ;N heterostructure. Both samples are expected to have a similar distribution of nanopipes, since
the n-Aly;,GagsN templates in each sample were produced in the same growth run. Before etching,
microscope images of similar locations on both samples were recorded and are shown inFigure 6. After
etching the same areas were revisited for further analysis. Microscope images of similar locations of both
samples after etching are shown in Figure 7.

Figure 6: Optical microscope images at 50X magnification of (a.) an n-type AlGaN template and (b.) a p-
type GaN / n-type Aly,Gag;N heterostructure. The n-type Aly;,Gag;N layers in both (a.) and (b.) were
produced in the same growth run.

a.) |

Figure 7: Optical microscope images at 50X magnification of (a.) an ntype AlGaN template and (b.) p-
GaN / n-Al;Gag 3N heterostructure after being etched for 90 seconds in hot phosphoric acid. In (a.),
open-core screw-type threading dislocations are decorated by micron-scale hexagonal pits, but in (b.) no
etch pits are visible.

Before etching, neither sample showed visible signs of nanopipes, as shown in Figure 6. After
etching, hexagonal etch pits are observed in the n-type AlGaN template, indicating the nanopipes thread
to the surface of the material, as shown in Figure 7(a). Contrarily, no hexagonal pits are observed in the
after-etch microscope image of the p-GaN / n-Aly;Gag3;N heterostructure in Figure 7(b), indicating the
nanopipes did not thread to the surface.



These data support the hypothesis that nanopipes are terminated either at the p-GaN / n-
Aly7Gag;N interface or within the p-GaN layer. Therefore, p-n junctions would be formed at the
nanopipe/p-GaN interfaces, resulting in rectifying leakage paths. It has been observed both in this study
and previously in others that nanopipes easily thread through n-type and unintentionally-doped GaN.*
However, Mg-doped GaN is resistant to the propagation of similar defects as a result of the surfactant
effect of Mg.’® It has been previously reported that Mg-doped GaN exhibits faster lateral coalescence’’
and the ability to overgrow V-defects.”® Therefore, the termination of nanopipes within the p-GaN is
attributed to the enhanced lateral growth afforded by the addition of Mg to the surface.

The circuit model shown in Figure 2 can be modified to reflect this new understanding of
nanopipe propagation in DUV-LEDs. Shown in Figure 8 is the modified circuit model, which includes a
diode and series resistor in parallel with the rest of the circuit to account for the effect of the pn junctions
between the nanopipes and the p-GaN capping layer. The DUV-LED with a high density of nanopipes,
DUV-LED B, was modeled with LTspice now using the modified circuit model in Figure 8. The IV
characteristic of the modeled leaky DUV-LED is plotted with the IV characteristic of the fabricated
DUV-LED B in Figure 9. The resistance used for the nanopipe series resistor was 47 KQ. As shown in
Figure 9, there is a close fit between the modeled and measured IV data for DUV-LED B, demonstrating
that the circuit model in Figure 8 is useful for emulating high nanopipe density DUV-LED 1V curves, and
that large densities of nanopipes can cause additional diode behavior inDUV-LEDs.
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Figure 8: Modified circuit model with an additional diode and resistorin parallel with the rest of the
circuit to emulate the non-linear behavior of the nanopipe leakage paths in DUV LEDs.
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Figure 9: Current-voltage characteristics of fabricated DUV-LEDs (dashed lines), and SPICE simulations
of DUV-LED circuits (solid lines) using the modified circuit model shown inFigure 8. After including
the additional circuit elements, an excellent fit was achieved between the measured and modeled IV
characteristics of DUV-LED B with approximately 1100 nanopipes.



CONCLUSION

In this study, two DUV-LEDs with nanopipe densities that differed by two orders of magnitude
were grown and characterized. A simple three-diode circuit was used to model the IV characteristics of
these DUV-LEDs in LTspice. While the circuit was able to accurately model the DUV-LED with a small
density of nanopipes (~10/device), it was unable to model the larger leakage currents in the DUV-LED
with a large density of nanopipes (~1100/device).

Further analyses of the DUV-LED IV characteristics and single nanopipe IV characteristics
revealed rectifying behavior in the leakage current. Defect-sensitive etching suggested that the nanopipes
do not thread entirely through the p-type GaN capping layer of the DUV-LED heterostructures. The
termination of the nanopipes at or within the p-GaN layer was attributed to the enhanced lateral growth
often observed in Mg-doped GaN.

Therefore, these nanopipes form p-n junctions with an inherently p-type nanopipe and the p-GaN
layer, producing a non-linear current leakage effect. The three-diode circuit model was modified with the
addition of a series resistor and diode in parallel with the p-n junction of the DUV-LEDs, and was then
able to accurately emulate the IV characteristics of high nanopipe density DUV-LEDs. This study
demonstrates the impact that nanopipes can have on the electrical characteristics and ultimately the
performance of DUV-LEDs.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the United States
Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000.
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