Graded P-AlGaN Superlattice for Reduced Electron Overflow in Tunneling Injected UVC LEDs
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We discuss the design of the p-AlGaN cladding layer for reduced electron overflow in tunneling injected Il1-Nitride
ultraviolet light emitting diodes (UV LEDs). We report 282 nm tunneling injected UV LEDs by blocking electron
overflow using graded p-AlGaN superlattice structure. I11-Nitride ultra-violet light emitting diodes have a large variety of
applications, however, the device performance is severely limited by the poor p-type conductivity and high p-type contact
resistance. In this work, we show that non-equilibrium tunneling hole injection could be adopted for enhanced device
performance. By introducing a graded p-AlGaN superlattice layer, electron overflow is greatly reduced, leading to
enhanced device performance.

The tunneling injected UV LED structure reported in this work replaces conventional p-type contact with tunneling
contact using an AlGaN/ InGaN interband tunnel junction. Polarization sheet charge with density higher than 10" cm™ at
the AlGaN/ InGaN interfaces results in a high polarization field and sharp band bending in the InGaN layer, which in turn
results in a reduced interband tunneling barrier width. However, the tunneling probability could be greatly reduced by the
depletion barrier in p-AlGaN layer due to the difficulty in achieving degenerate p-type doping, and the large AlGaN/
InGaN valence band offset. The depletion barrier can be reduced by introducing three dimensional polarization charge
from compositional grading in p-AlGaN layer. However, the electric field in the graded p-AlGaN layer could drive
overflowing electrons to the top n-AlGaN layer, leading to severe electron overshoot. In this work, we combine the
polarization grading and short period superlattice approaches to achieve both enhanced acceptor activation and reduced
electron overflow.

The effect of the graded p-AlGaN superlattice in the tunneling injected UV LEDs was studied experimentally. The
tunneling injected UV LEDs were grown by plasma assisted molecular beam epitaxy on metal polar Aly;GagsN templates
with threading dislocation density of 2.5x10° cm™. The UV LEDs contain three 3 nm Al ssGag 2N quantum wells, 50 nm
graded p-AlGaN layer, thin tunnel junction layer with 4 nm Inq ,GaggN, and 150 nm n-Al ;Gag 3N top contact layer. Three
samples were grown under similar growth conditions, but with different p-AlGaN structure. Sample A has continuous
grading from 92% to 64% Al mole fraction in p-AlGaN, while Sample B and C have graded Al,Ga;.«\N/Al,Ga;.,N
superlattice structures, with x grade from 92% to 64% and y grade from 100% to 75%. The widths of the SL barrier/ well
are 0.5/ 0.5 nm and 1.8/ 1.8 nm for Sample B and C, respectively. 30 <30 um? devices with ~ 25% top metal coverage
were used for electrical and optical measurements. Sample A showed soft turn-on with a voltage drop of 3.96 V at 20
AJcm?, while the current increases sharply at high current density, indicating severe electron overflow. In comparison,
when short period superlattices are adopted, the electron overflow at high current is greatly reduced. Sample B and C
showed similar electrical characteristics at high current levels, however, an increase of the voltage drop at 20 A/lcm? from
4.58 V (B) to 6.87 V (C) was observed when the SL barrier/ well thicknesses are increased, which is attributed to better
electron blocking and higher acceptor activation rate by using thicker barrier/ well SL.

On-wafer electroluminescence measurements confirmed non-equilibrium hole injection into the active regions for all the
samples. The samples showed similar emission peak wavelength at 282 nm. However, Sample A showed minimal
emission power, confirming severe electron overflow. The efficiency curves for Sample C peaked at approximately 250
Alcm?, while Sample B showed much lower efficiencies at low current injection, and did not show droop till high current
levels (1 kA/cm?). The higher efficiency in sample C (1.8/1.8 nm SL) is attributed to lower electron overflow to top n-type
contact compared to sample B (0.5/0.5 nm SL). The maximum on-wafer EQE and WPE are 0.076% and 0.035%, which
are limited by low internal quantum efficiency and poor light extraction efficiency. Nevertheless, this demonstration
shows that effective interband tunnel junction could be achieved for deep UV LEDs, and graded p-AlGaN superlattice
structure is favorable for reducing electron overflow in tunneling injected UV LEDs. This provides a novel method for
hole injection and carrier transport engineering in deep UV emitters.

We acknowledge funding from NSF (ECCS-1408416). 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.

References:
[1] Y. Zhang, S. Krishnamoorthy, J. M. Johnson, F. Akyol, A. Allerman, M. W. Moseley, A. Armstrong, J. Hwang and S.
Rajan, Appl. Phys. Lett. 106, 141103 (2015).


mailto:zhang.3789@osu.edu
mailto:rajan@ece.osu.edu

150 nm n+ Aly ,Gag 5N

— A: P-ALGa,; N
5nm graded x: 92% -> 64%
. n++ AlGaN
p GaN Absorption loss | 4nm20%InGaN |
pAlGaN TSV i 50inm B: 0.5/0.5 nm-Al,Ga, ,N/Al,Ga, N SL
! ! Graded p-AlGaN (SL) [~ x:92%->64%
v : n AlGaN E *C ° y: 100% -> 75%
n AlGaN i i 8 nm AIN
Tunnel Juncti -
» : un_ne uneten : 3.5 nm Barrier C: 1.8/1.8 nm-ALGa, N/Al,Ga, N SL
A ! Thin p AlGaN H aw 3 nm QW X: 92% -> 64%
al al i 1 1 4 — . 0/, _ 0,
P Electrical loss i MaW i 3 — y: 100% -> 75%
p AlGaN 1 1
! mAIGER ! 50 nm n-Al,,Gag 5N
MQW R !
n AlGaN 450 nm n+ Aly,Gag ;N
Aly,Ga, 3N template
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