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Enhanced Light Output of Vertical GaN-Based LEDs
with Surface Roughened by SiO, Nanotube Arrays
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The fabrication of SiO, nanotube (SiO,-NT) arrays and their promising application in improving light extraction of vertical
structure GaN-based light emitting diodes (LEDs) are proposed. Compared to regular vertical-conducting light emitting dioded
(VLEDs), the proposed VLEDs with SiO,-NT arrays (2-3 pm in length) show increases in light output power (Lop) by 49.8—
60.4% at 350 mA. In comparison to VLEDs with ZnO nanowire arrays having the same the dimension, enhancement of 12.3—
22.9% in Lop has been achieved from the proposed devices. These improvements could be attributed to the use of SiO,-NT arrays
that not only boost the angular randomization of emitted photons but also enhance light transmission from the waveguiding effect.
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GaN-based light emitting diodes (LEDs) have recently been at-
tracting great interest in the field of displays, traffic signals, and
even solid-state lighting.l’2 Nevertheless, current-crowding and heat-
conducting issues due to the insulating sapphire substrate used in the
conventional lateral electrode GaN-based LEDs (abbreviated as
LLEDs) are the main challenges in further improving the output
efficiency and power rating of LEDs. Efforts to enhance the external
quantum efficiency (EQE) of the GaN-based LEDs by means of
vertical-conducting structures (abbreviated as VLEDs) have been
proposed and shown to have a much better EQE as compared to the
conventional LLEDs.** However, the light output efficiency of
VLEDs with a flat surface still suffers a considerable loss caused by
the total internal reflection (TIR) effect at the interface between GaN
and the outer medium.’

To alleviate the TIR effect, various surface-roughening ap-
proaches such as nanoparticle lithography,6 nanoimprint
technology,7 wet-etching process,g’9 and grown nanostructure atop
surface of GaN'®!" have been proposed to roughen the top surface
of LEDs. Hence, photons generated within the LEDs could experi-
ence multiple scattering at the roughened GaN/air interface and find
escape cones to extract more light from the roughened surface.
However, most of these techniques involve expensive lithographic
patterning, cumbersome fabrication processes, and control difficulty
to avoid deterioration of electrical properties, which are not favor-
able for mass production.

In essence, the use of ZnO nanopillars to roughen the LED
surface retains simplicity and cost effectiveness. However, the trans-
mittance of the ZnO nanopillar arrays is not good enough for light
transmittance in the visible light spectrum. In our previous study,14
we reported the preparation of controllable SiO, nanotube
(Si0,-NT) arrays through the use of a hydrothermal ZnO nanowires
(ZnO-NWs) template. The SiO,-NT arrays exhibited a superior
transmittance of 95% compared with that of the ZnO-NWs template,
at 82%, in the visible light spectrum. Here, to further improve the
light transmittance and light extraction efficiency of VLEDs, we
extend our previous work on applying diverse length and density of
the Si0,-NT arrays for n-GaN surface roughening. The waveguiding
effect of the SiO,-NT and enhancement in the light transmittance of
the SiO,-NT arrays were analyzed and investigated. Comparisons of
experimental optoelectronic characteristics among VLEDs with pre-
pared SiO,-NT and ZnO-NW arrays with the same dimensions were
also presented and discussed.
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Experimental

Figure la shows schematically the device structure of the pro-
posed VLED with SiO,-NT arrays (abbreviated as SiO,-NT VLED)
in this work. The GaN LED epitaxial layers were grown on a sap-
phire substrate in sequence by low-pressure metal organic chemical
vapor deposition. For device fabrication, a 5-nm-thick Pt layer was
deposited by an electron-beam (E-beam) evaporation onto the
p-GaN layer, followed by furnace thermal annealing in N, ambient
at 525°C (abbreviated as annealed-Pt). After the removal of possible
surface oxides, a patterned Al/Pt metal system with a size of
980 pm X 980 wm was deposited to form a highly reflective
annealed-Pt/Al/Pt ohmic contact on the p-GaN layer. It was then
covered by an adhesive and seed layer comprising of a Cr/Ti/Au
metal system using the E-beam evaporation. An 80 wm-thick elec-
troplated nickel layer served as a metal substrate for the LED epi-
taxial structure after the removal of the sapphire substrate using a
patterned laser lift-off (LLO) process.'® The patterned LLO process
was conducted using a quartz mask to define both the size and shape
of the KrF excimer laser beam (248 nm) at a reactive energy of
850 mJ/cm?.

After being dipped in a 6 mol KOH solution at 60°C for 90 s to
roughen the n-GaN surface with hexagonal cones and further im-
prove its contact properties, the samples were then placed into a
mixed solution of 0.07 M Zn(NO3),-6H,0 and 0.09 M C¢H,N, at
90°C to grow the ZnO-NW arrays with three different hydrothermal
growth (HTG) times (60, 80, and 100 min). After that a 1-pwm-thick
Si0O, layer was deposited onto the surface of the ZnO-NWs arrays
using plasma enhance chemical vapor deposition. To unveil the top
portion of the ZnO-NWs for synthesizing the SiO,-NT arrays, the
samples were loaded into an inductively coupled plasma chamber to
go through a SiO, dry-etching process. After the residual ZnO-NWs
removed completely, the vertically aligned SiO,-NT arrays with
length and density determined by the HTG time and tube wall thick-
ness determined by the deposition of SiO, layer were obtained. Fi-
nally, a metal pad and a passivation layer were deposited on the
exposed n-GaN layer surface and vertical sidewalls of the whole
epitaxial structure, respectively. For comparison, two other types of
samples were also prepared as shown in Fig. 1b, including VLEDs
with the ZnO-NW arrays atop the KOH-etched n-GaN surface
(named as ZnO-NW VLED) and VLEDs with no nanostructures
atop the KOH-etched n-GaN surface (named as regular VLED). Fig-
ure lc shows the scanning electron microscopy (SEM) images of the
surface morphology of the prepared VLEDs. Note that the HTG
time for the SiO,-NT and ZnO-NW VLED:s is 60 min. It is seen that
all the surfaces of the top GaN layer of these three VLEDs were
roughened with hexagonal cones.
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Figure 1. (Color online) Schematic diagrams of GaN-based VLED struc-
tures prepared in this work. (a) SiO,-NT VLED, (b) ZnO-NW VLED and
regular VLED, and (c) SEM images of the surface morphology of the pre-
pared VLEDs. The HTG time for the SiO,-NT and ZnO-NW VLEDs is
60 min. Note that all devices are with the same chip size of 1 mm
X 1 mm.

Results and Discussion

Figure 2 shows the SEM images of surface morphology of the
samples with ZnO-NW arrays or SiO,-NT arrays grown for different
HTG times atop indium tin oxide (ITO) glass substrates. As shown
in Figs. 2a through 2c, it can be seen that the well-ordered and
vertically aligned ZnO-NWs were grown on the GaN layer. For the
cases with 60, 80, and 100 min HTG times, the grown ZnO-NWs
are of an average length of about 3, 3.5, and 4 pum, respectively.
According to Figs. 2d through 2f, the average length of the prepared
Si0,-NTs was estimated to be about 2, 2.5, and 3 wm, respectively.
Note that the 100-min case of the SiO,-NT arrays has the best uni-
formity in tube length among all the prepared samples. The insets of
Figs. 2d through 2f show the top-view of the prepared SiO,-NTs,
which reveal that the densities of the SiO,-NT arrays were about
5.8 X 108, 6.9 X 108, and 7.2 X 10% cm™2, respectively, indicating
a weak HTG time dependence. Note that after the removal of ZnO-
NWs, the SiO,-NTs have a uniform tube wall thickness of about
150 nm. These results suggest that SiO,-NTs with controllable
length and inner/outer diameter could be easily obtained through a
suitable control of HTG of ZnO-NWs and deposition of SiO, layer.

Light transmittances of the Si0,-NT and ZnO-NW arrays (with
three different lengths of 2, 2.5, and 3 pm) prepared on the ITO
glass substrate were compared and shown in Fig. 3. It is noted that
the ZnO-NW arrays shown in Fig. 2 were subjected to an etching
process to shorten the wire length for fair comparisons. One can
observe that the transmittances of SiO,-NT and ZnO-NW arrays are
about 95-96% and 71-82% within the visible light spectrum range
of 400-700 nm, respectively. The excellent transmittance of the
SiO,-NT arrays could be mainly attributed to their relatively high
energy bandgap'® ( ~ 9 eV) as compared to that of ZnO (Ref. 17)
(3.3-3.7eV) and the waveguiding effect associated with the
SiO,-NT arrays. In essential, the incident light at the
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Figure 2. (Color online) SEM images of synthesized ZnO-NW and SiO,-NT
arrays on ITO glass substrate for transmittance measurement. As-grown
ZnO-NWs via (a) 60, (b) 80, and (c) 100 min of HTG process. (d)—(f) Side-
view and top-view (inset) images of the prepared SiO,-NT arrays using the
corresponding ZnO-NWs templates shown in (a)—(c).

n-GaN/SiO,-NT interface will travel in the SiO, tubular wall
(150 nm in thickness) in single-mode with virtually no loss because
the SiO,-NT creates a step-index waveguide,18 as shown in the inset
of Fig. 3. As a result, it leads to a much better transmission as
compared to ZnO-NW.

To reveal the effectiveness of the SiO,-NT arrays in enhancing
the light extraction efficiency, comparisons of current-voltage (I-V)
and light output power—(Lop-) current (L-I) characteristics for the
fabricated VLEDs with different surface texturing designs are shown
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Figure 3. (Color online) The transmittances of the prepared SiO,-NT and
ZnO-NW arrays on ITO glass substrate. The inset shows the schematic of a
single SiO, nanotube exhibiting as an air-clad step-index waveguide.
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Figure 4. (Color online) Comparison of measured forward /-V and L-/
characteristics among the fabricated SiO,-NT VLEDs, ZnO-NW VLEDs,
and regular VLED. Note that both the SiO,-NTs and ZnO-NWs have three
different tube/wire lengths of 2, 2.5, and 3 pum.

in Fig. 4. Here, both SiO,-NT and ZnO-NW VLEDs have three
different tube/wire lengths of 2, 2.5, and 3 wm. No obvious differ-
ence was observed from their /-V characteristics, which indicate
that the proposed technology did not degrade the device electrical
performance. Based on the LI characteristics, the effectiveness of
the SiO,-NT arrays in releasing the TIR effect can be reflected by
the amounts of Lop enhancement as compared to that of regular
VLEDs. It is found that VLEDs with 2, 2.5, and 3 pm in length of
SiO0,-NT arrays show gains of 49.8, 56.7, and 60.4% in Lop at
350 mA, respectively, as compared to regular VLEDs. Also note that
the measured values of refractive index for the 2, 2.5, and 3 wm in
length of SiO,-NT arrays are 1.45, 1.468, and 1.48, respectively,
indicating that the refractive index of the SiO,-NT arrays increases
slightly with increasing tube length/density. Based on the reason, the
SiO,-NT VLED with 3 pwm tube length has the most significant
amount of improvement in Lop, which could be attributed to the fact
that it has a better refractive index (n) of 1.48 to maximize the
alleviation of the TIR issue. In our experience, though the SiO,-NT
arrays with an average length greater than 3 pwm has a higher refrac-
tive index, it is not suitable for Lop improvement because of poor
transmittance.

Note that the improvement in Lop of the SiO,-NT VLEDs as
compared to that of the ZnO-NW VLEDs with 2, 2.5, and 3 pm
tube/wire length are 12.3, 18.7, and 22.9%, respectively. Such im-
provements are in good agreement with the gains (14, 20.5, and
24%, respectively) obtained from the transmittance of the SiO,-NT
arrays compared to those of the ZnO-NW arrays. This result con-
firms that the predominance of the SiO,-NT VLEDs over the
ZnO-NW VLEDs in light output power could be attributed to the
considerable improvement in the light transmittance of the proposed
SiO,-NT arrays.
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Conclusions

In summary, the effectiveness of preparing size-controllable
Si0,-NT arrays atop VLEDs to improve Lop has been investigated.
With the tube length in the range of 2-3 pm, considerable improve-
ments in the Lop of SiO,-NT VLEDs by 49.8-60.4% at 350 mA as
compared to that of regular VLEDs have been obtained, which re-
veal the effectiveness of the SiO,-NT arrays in enhancing the light
extraction on releasing the TIR effect at the n-GaN surface. In ad-
dition, the wider energy bandgap and waveguiding effect of the
Si0,-NT arrays exhibit excellent transmittances of 95-96% in the
visible light spectrum as compared to 71-82% of the ZnO-NW ar-
rays with the same dimensions. These result in the predominance of
the SiO,-NT VLEDs in enhancing the light extraction by 12.3—
22.9% over the ZnO-NW VLED:s. It is expected that the SiO,-NTs
prepared with the method proposed in this work could offer poten-
tial applications in electronics and photonics in the near future.
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