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Electrical current leakage paths in AlGaN-based ultravio-
let (UV) light-emitting diodes (LEDs) are identified us-
ing conductive atomic force microscopy. Open-core
threading dislocations are found to conduct current
through insulating Aly;Gag;N layers. A defect-sensitive
H;PO, etch reveals these open-core threading disloca-
tions as 1-2 pm wide hexagonal etch pits visible with op-
tical microscopy. Additionally, closed-core threading

1 Introduction Ultraviolet (UV) AlGaN-based light-
emitters have a wide range of applications [1,2] such as bi-
ological agent detection [3], air and water purification [4],
sterilization [5], and UV phototherapy [6]. Other applica-
tions include photolithography [7] and optical data storage
[8]. However, external quantum efficiencies of these UV
emitters remain hindered as a result of growth challenges
inherent to AlGaN materials.

Heteroepitaxial growth of AlGaN-based UV emitters
on sapphire substrates requires effort to realize epilayers
with a low density of threading dislocations [9,10]. Many
defects formed as a result of the lattice mismatch between
AIN, GaN, and sapphire are known to form below-bandgap
states, which act as non-radiative recombination centers
and reduce internal quantum efficiency [11] Furthermore,
it has been shown that threading dislocations can function
as electrical current leakage paths [12]. These leakage
paths can enable charge carriers to cross the p-n junction in
LEDs without radiatively recombining, can reduce device
internal quantum efficiency [13], and are considered to be
a significant cause of UV-LED performance loss [14].

In this study, we investigate defect-related current-
leakage mechanisms in Alg;GagsN-based UV-LEDs.
Electrically conducting open-core threading dislocations
are identified to be responsible for electrical current leak-

dislocations are decorated with smaller and more numer-
ous nanometer-scale pits which are quantifiable by atom-
ic-force microscopy. The performances of UV-LEDs
fabricated on similar Si-doped Aly;GaysN templates are
found to have a strong correlation to the density of these
electrically conductive open-core dislocations, while the
total threading dislocation densities of the UV-LEDs re-
main relatively unchanged.

age through Aly;GagsN. A rapid and simple method of de-
tecting and quantifying these open-core dislocations is pre-
sented. Finally, the effect of these dislocations on the per-
formance of UV-LEDs is reported.

2 Experimental Two Si-doped Aly;Gag3N templates
were grown simultaneously on (0001) c-plane sapphire
substrates misoriented 0.2° toward the m-plane in a Veeco
D-125 MOCVD chamber at 75 Torr. Trimethylgallium
(TMQG), trimethylaluminum (TMA), and ammonia were
used as precursors; silane was used as the n-type dopant.
The Aly;Gag;N templates consisted of 1.3 um of Si-doped
Alg,Gag;N grown on a 3.75 um AIN buffer layer. The
threading dislocation densities of the Aly;GagsN layers
were estimated to be 2.0-2.4 x 10° cm™ by x-ray diffraction
(XRD) using a procedure described by Lee et al. [15]. One
template was set aside for subsequent 270 nm UV-LED
growth, while the other template was prepared for conduc-
tive atomic-force microscopy by the overgrowth of a 1 pm
unintentionally-doped (UID) Aly,Gag;N layer, which was
confirmed to be insulating by Hall-effect characterization.

The UlD-capped Aly;Gag;N template was analyzed
with both tapping-mode atomic-force microscopy (AFM)
and contact-mode conductive atomic-force microscopy
(CAFM). An illustration of the CAFM setup and equiva-



lent circuit is shown in Figure 1. A 5mm % 5mm area of
the template surface was scribed and painted with silver
conductive paste to electrically connect to the embedded
conductive n-type layer. The bias between the CAFM tip
and the scribed area was kept at 10V for all current maps.
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Figure 1 lllustration and equivalent circuit of the con-
ductive atomic-force microscope setup used to char-
acterize the UID-capped Aly7Gag 3N template.

Pure phosphoric acid at 160 °C was used to wet etch
the epitaxially-grown Aly;Gag 3N films for 60 seconds and
reveal defects. AFM and optical microscopy were used to
determine the effects of the acid on the morphology of the
UID-capped Aly;GagsN template surface and to quantify
the density of etch pits.

3 Results and Discussion Two Typical contact-
mode CAFM current and height data of the as-grown UID-
capped Aly;GagsN template are shown in Figure 2. The
50X optical microscope image in the inset depicts the same
surface area measured by the CAFM height data. The cur-
rent map shown in Figure 2(a) reveals a singular current
transport site through the UID Aly;Ga,;N layer. The ob-
served site of current leakage corresponded to an area of
surface abnormality in the CAFM height data as indicated
by the arrow in Figure 2(b), yet the same area imaged by
the optical microscope appeared flat and featureless, as
shown in the inset of Figure 2(b). Therefore, CAFM
measurements were necessary to clearly identify current
leakage sites in the as-grown Aly;Gay ;N templates.
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Figure 2 10 x 10 ym (a.) Contact-mode CAFM cur-
rent map, (b.) CAFM height data, and (inset) 50X op-
tical microscope image of a location on UID-capped
Alg7Gag 3N template.

Electrical conduction through open-core threading dis-
locations has been previously observed in GaN [16].
Open-core threading dislocations (i.e. nanopipes) have
been described as hollow tubes in the epitaxially-grown
material [16] with inner diameters from 2 nm to 50 nm
[17]. The mechanism of electrical conduction through na-
nopipes is still a subject of debate, but evidence suggests
that impurity contamination contributes to a conductive
path along the inner wall of the nanopipe [18]. Phosphoric
acid [17] and other etches [19,20] have been reported to
produce hexagonal pits at nanopipes in GaN by anisotropic
etching along the inner walls [21].

The UID-capped Alp;GaosN template was then wet
etched in phosphoric acid to determine if nanopipes are re-
sponsible for the observed sites of electrical current con-
duction. After etching, the same location of the etched
UID-capped Aly;Gag;N template that was shown in Figure
2 was re-measured (with minimal lateral offset) and is
shown in Figure 3 by the contact-mode CAFM height data.
The point that had previously exhibited current leakage
had been etched into a 1.1 um wide hexagonal pit. Also
shown in the inset of Figure 3 is a 50X optical microscope
image of the same area where the same etch pit is clearly
visible. These observations of hexagonal etch pit for-
mation by hot phosphoric acid at sites of electrical current
transport through a nominally insulating layer suggest that
nanopipes are responsible for the electrical conduction
through the UID Alj;Gag 3N epilayers.
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Figure 3 10 x 10 ym Contact-mode CAFM height da-
ta and (inset) optical microscope morphology of the
UID-capped Aly7GagsN template locations shown in
Figure 2 after etching in hot phosphoric acid.

With wet etching, nanopipe density can easily be quan-
tified by optical microscopy, avoiding time-consuming
CAFM measurements. Shown in Figure 4 is a 50X optical
microscope image of the etched UID-capped Aly,GagsN
template surface with a hexagonal etch pit density of ~7.5
x 10° cm™. The density of these nanopipes is approximate-
ly four orders of magnitude smaller than the density of
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threading dislocations determined by XRD. The rapid
quantification of nanopipe density by H;PO, etching has
proven itself an effective feedback mechanism in the im-
provement of these Aly;Gao3N layers. This technique has
aided in the lowering of the density of nanopipes in
MOCVD-grown Alj;Gag3N layers by almost two orders of
magnitude via improvements in sapphire nitridation, layer
nucleation, and buffer growth conditions.
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Figure 4 dptical rﬁicroscbﬁe image of. an etched
Alp7Gag 3N surface displaying micron-scale hexago-

nal etch pits with a density of ~7.5 x 10° cm™.

Small, nanometer-scale etch pits are also revealed by
the phosphoric acid etch. A smaller, 2 x 2 um tapping-
mode AFM morphology of a similar area of the etched
UID-capped Aly;,GaysN template is shown in Figure 5.
The average density of these pits measured at multiple lo-
cations was found to be 2.5 x 10° cm™. The total threading
dislocation density of the Aly;Gag3;N layers was estimated
to be 2.0 to 2.4 x 10° cm by x-ray diffraction. Other re-
ports have shown that H;PO, can selectively etch screw-,
edge-, and mixed-type dislocations in GaN, yielding a
close agreement with dislocation densities determined by
TEM [22]. Therefore, these data suggest that H;PO, etch-
ing of the Aly;GaysN layers allows for quantification of
the total threading dislocation density in addition to the na-
nopipe density.
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Figure 5 Tapping-mode 2 x 2 um atomic-force mi-
croscope morphology of a similar area of the etched
UID-capped Aly;GagsN template, which shows indi-
vidual threading dislocations.

The second Si-doped Al ;Gay ;N template was used for
the growth and fabrication of 300 % 300 um UV-LEDs
with emission at 270 nm. Shown in Figure 6 are the rela-
tive output powers of LEDs with nanopipe densities meas-
ured at corresponding locations on the etched UID-capped
Alp,Gag;N template. The nanopipe densities ranged from
4 x 10° em™ to 2.1 x 10° enr®, which translates to 350 to
1900 per 300 x 300 um device. The on-wafer UV-LED
emission intensities were found to be inversely proportion-
al to the densities of hexagonal etch pits (nanopipes).
However, the total threading dislocation density varied by
less than 30% over the same regions as the tested LEDs.
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Figure 6 Relative output powers of LEDs grown on
the Si-doped Aly7GapsN template vs. the etch pit
densities at the corresponding location on the etched
UID-capped Alg7GagsN template.

The authors attribute this strong inverse correlation be-
tween nanopipes and UV-LED output power to electrical
current leakage through open-core threading dislocations.
Current transport through these nanopipes can shunt the
quantum well active regions by carrying current across the
p-n junction and preventing radiative recombination.
These data suggest that nanopipes acting as current leakage
paths can have a larger effect on LED electroluminescence
independent of threading dislocations.

4 Conclusion Two In this study, open-core threading
dislocations are observed to significantly degrade the per-
formance of UV-LEDs while composing only a small frac-
tion (<0.1%) of the total threading dislocation density. The
performances of UV-LEDs grown and fabricated on Si-
doped Aly,Gag;N templates were found to have a strong
inverse correlation with open-core threading dislocations
while total threading dislocation densities of the
Alp;,Gag;N templates remain relatively constant. These
data suggest that open-core threading dislocations can limit
UV-LED performance by shunting current past quantum
wells and reducing internal quantum efficiencies.



Defect-related sites of electrical current leakage in
Aly;Gay3N observed by CAFM are easily decorated by
H;PO; etching. These micron-scale etch pits were attribut-
ed to open-core threading dislocations (i.e. nanopipes).
Smaller, nanometer-scale etch pits were also observed and
attributed to closed-core threading dislocations The de-
fect-sensitive etch proved an effective feedback mecha-
nism to determine growth conditions resulting in lower
density of nanopipes.
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