vs. the more physical sputtering at higher power. The wire height is shorter with lower power
due to less ion etching along with the base. Although pressure is the dominant factor in forming
the tapered base of the wires, power also plays a key role in order to funnel ions in the direction
normal to the sample. If the bias is not high enough, just like the effects of pressure, the ions can

scatter and will not impact the sample directly normal to the surface, leading to a tapered base.

Figure 17. Effects of Power: 75 W (a), 150 W (b)

To further explore these effects a 30 sccm Chlorine, 20 sccm Argon mix at 65 mTorr was
studied at various power levels for a fixed time of 15 minutes. Argon will only physically and not
chemically etch the material, making the etch rate very sensitive to the applied power. For
different applications it is desirable for the nanowire to have and undercut and this gas
combination was seen to produce one. Figure 18 shows the results of these etching trials. As
power is increased the wire height is seen to increase, as seen in the previous trial. The undercut

depth initially increases then disappears as the power is increased past 175 W. The Argon is
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presumably reflected off the base of the wires and hits the sidewalls to form the undercut. After
power is increased past a certain point this effect is overridden by the large substrate bias which

pulls down a larger number of ions to the sample.

Similar to the previous trial the tapered base is further reduced with the higher power,
though it is also less visible due to the lower chamber pressure. Slight etch damage occurs at the
tops of the wires for the lower power samples as they are slightly over etched due to the lower
selectivity. For the higher power samples of 200 and 225 W the ions effectively smooth out any
roughness as the sphere shrinks. This can be seen in the lack of crystallographic facets in the
higher power samples. Adjusting the RF applied power allows the tailoring of the profile to
obtain the desired structure depending on the application. Generally, for most purposes the

higher power is desired to obtain a tall vertical structure.
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§73 CL39® AR29 125V S66 CL3@ ARZ2©9 150V G6SMTORR S72 CL3©® ARZ2O 175V

e CL3® ARZ20 175V §75 CL20 ARZ29 GE6SMTORR 200V

Figure 18. Effects of Power: 125 W (a), 150 W (b), 175 W (c), 200 W (d), 225 W (e)

4.1.5 New Dry Etch Process

From this work a number of nanowire structures can be obtained such as triangular,
perfectly vertical, or inverted pyramidal, shown in Figure 19. Each design opens the doors to a
number of applications. For LEDs or FETs a taller vertical structure is desired. Increased height
allows for more tolerance for manufacturing, while a vertical structure assures there will be no

material deposited on the sidewalls during processes such as metal evaporation.
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S81 CL3@ AR28 CHR2 6SMT2080W S72 CL3@ AR28 175V §79 CL30@ AR2@ 6SMTORR 223”
:

Figure 19. Triangular Etch (a), Inverted Pyramidal Etch (b), Vertical Etch (c)

With these various experiments performed, the best case is selected out the
experiments. The best dry etch results were found using the recipe outlined in Figure 20. The
high power with low pressure supports a fast etch with a vertical profile. This sample has a very
high etch rate of 227 nm/min while reaching a max height of 3400 nm with the 700 nm silica
spheres before the wire starts to take damage. In this sample the best of each tests are chosen,
corresponding to high power, low pressure, and no chloroform. This low pressure regime allows
for smooth etching to occur vertically without needing the chloroform due to less ions impacting

at off angles.

S79 CL3@ AR2® BESMTORR 225W Chlorlne. 3osccm
Argon: 20sccm

Pressure: 65mTorr
Power: 225W

Figure 20. Optimized RIE Recipe
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4.2.1 Developing and Optimizing the KOH wet etch

In the last few years KOH, TMAH, and NaOH chemistries have been used in order to
crystallographic etch GaN nanowires. Several recent papers have used low concentrations of
these solution in order to form nanowires for nanoscale LEDs, or nanowire FETs'>1718 Dry
etched nanowires can have a slight taper or a large diameter which diverge from the ideal small
vertical structures. Immersing samples in these chemistries will crystalographically remove any
taper and shrink just the wire diameter. Additionally, surface damage caused during the dry
etching process can be removed. RIE damage creates recombination sites that can lower the
performance of devices. However, there has been no comprehensive study looking at the effects
of time, concentration, and temperature on this process in order to optimize it. Work has been
done here looking at these effects on both the topology and the corresponding impact on the
PL spectrum. AZ400K is used as the source of KOH with dilutions of DI water as specified. For this
work the samples with the multiple quantum wells on top of n-type GaN were used along with

unintentionally doped GaN samples.

4.2.2 KOH Effects of Time and Temperature

Temperature of 80° C, 45° C, and 23° C were tested with concentrations of 5% AZ400K.
Intervals of 10 minutes were used to study the 80° C and 45° C samples, while the 23° C samples
were studied at intervals of 30 minutes due to the slower etch rate. After each sample was

immersed for the set period, both SEM and PL images were taken to study the progression.
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Shown in Figure 21 are the SEMs of the etch progressions for the various temperatures and

times.
30min 60min 90min 120min 150min 180min
10min 20min 30min 40min 50min
0.5umj 0.5umj 0.5umfj 0.5umj 0.5um
10min 20min 30min 40min 50min 60min
80°C

Figure 21. Etch progression SEMs with 5% AZ400K

From the SEM images shown, a higher etch rate occurs with samples at higher
temperatures. The high temperatures also correspond to a rough surface during the etch
process, creating staircase patterns along the wire, as the solution peels away layers.

Additionally, the wires follow a pattern of rough to smooth surface as the etch proceeds.

In order to better analyze the wet etch process and see the corresponding effect it would

have on LED performance, PL is done. These results are shown in Figure 22 with the PL intensity
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at 450 nm vs time plotted. Accompanying each graph is an additional plot showing the

wavelength spectrum for a high and low point during the etch.
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Figure 22. PL Results for Different Temps at 5% AZ400K

The PL data shows that the peak intensity oscillates in a downward trend from the

starting material. This is due to the active area that generates the light for the nanowire LED

shrinking as the wire itself shrinks. This active area is located on the top of the wire structure as

highlighted earlier in Figure 10. The oscillations are due to the etch morphology as it proceeds
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from a rough to smooth surface. Rough surfaces are more likely to scatter light which will
decrease the PL intensity. The peak position stayed at 450 nm though if the wires are
considerably shrunk below 100 nm quantum confinement will shift the peak wavelength to
smaller values. From the results the 45° C sample is the best trade off of etch rate and small etch

step heights.

4.2.3 KOH Damage Recovery

Damage formed during the dry etch of the nanowires can be detrimental to LED
performance and subsequently the PL intensity can be greatly reduced. If the wires experience
little to no damage, the samples will see an enhancement in the PL intensity due to better
confinement and strain relaxation compared to the planar structure!3. Etch damage creates
recombination sites where the absorbed light is recombined as phonons (heat) instead of re-
emitting light. Low pressure, and high power during an RIE etch generate more ion
bombardment that can lead to surface damage. Plots showing the PL results of a high and low

damage etches are shown in Figure 23.
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Figure 23. Nanowire Etch: Severe damage from RIE etch (a), Minimum damage from RIE etch
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For the samples that have been through an RIE process which caused damage and a

reduction in PL, a KOH wet etch can remove etch damage and passivate the surface3. The

damage is located on the surface of the wires, which allows for a quick dip in the AZ400K solution

to remove this damage through etching. To study this an RIE of 150 W, 80 mTorr, 25 sccm of

BCls, 20 sccm of Clyand Ar, and 2 sccm of Chloroform is done to induce damage to a sample. The

sample is then immersed for 10 or 20 minutes in 5 % AZ400K at room temperature. PL was taken

at every step of the process and results are plotted in Figure 24. Compared with the planar

structure, the initial RIE which forms the wires shows a large decrease in intensity due to surface

damage. After the treatment of 10 minutes in the AZ400K, the sample recovers most of its

intensity. Continued treatment time on the sample does not further recover PL intensity as the

surface defects have been removed. The intensity after the treatment does not reach the planar
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value due to the initial decline and start of oscillatory behavior observed in the PL of all different

temperatures samples.
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Figure 24. Damage recovery of 5% AZ400k at room temperature

4.2.4 KOH Effects of Concentration

The effects of concentration on the KOH etch were studied in order to determine the
optimal concentration value. A fixed time of 30 minutes and fixed temperature of 45° C were
used for all samples. Concentrations of 5 %, 20 %, 40 %, 60 %, and 80 % AZ400K, diluted in DI
water, were used. SEM images for each sample after the etch is shown in Figure 25. As
concentration increases the etch profile goes from a rough ‘staircase’ pattern to that of smooth

columns.
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5% 20% 40% 60% 80%

Figure 25. Effects of concentration on the KOH etch

Additionally, the tapered base is etched away at concentrations greater than 20 %. As
the percentage of AZ400K increases, the etch rate of the crystal plane for the tapered base
increases as well. This shows additional planes start to etch besides the <1120> and <1101>
planes as the fraction of AZ400K rises, figure 23 (b) through (e). With concentration increases,
the etch rate also marginally increase along the <1120> plane. The dots visible on the top of
wires are small etch defects due to crystal imperfections which are randomly distributed. Etch
defects are highlighted by the wet etch process. The etch with 40 % AZ400K shows the
smoothest sidewall with a removal of the tapered base which increases the height of the
nanowire. Removal of the tapered base along with smoother sidewalls are desired for LED or
nanowire applications as rough surfaces can scatter light or lead to difficulty in processing,

respectively.
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4.2.5 Applying the KOH Work

With this study completed nanowire samples can be etched to form desired nanowire
structures. The time, temperature, concentration, and dry etch data allows for the nanowire
diameter to be pre-determined. Shown in Figure 26 are some of the results of this work. This
particular dry etch leads to a slight increase in diameter further down the wire, 300 nm at the
top to 500 nm at the base, which would not be desired for nanowire FETs or LEDs. The KOH wet
etch is used to shrink the wires to a chosen diameter of ~100 nm. Perfectly vertical wires with
diameters ranging from 80 to 110nm are obtained with spacing of 800nm and no loss in height.
As the SEM shows, the wires have slight bridging at the base which is caused by the close
proximity of wires during the initial etch. This bridging effect is not an issue for the majority of
applications such as nanowire transistors as it is of negligible height at the base. As can be seen
there is also slight non-uniformity in wire diameter. This is due to local variations in
concentration, along with non-uniform initial sphere diameter. The process is repeatable and

opens the door to a number of future devices such as nanowire transistors or flexible electronics.

S48 @SMIN ETCH S48 \12MIN\S% w2 ,89C

Figure 26. Pre (a) and Post (b) KOH Etch
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Chapter 5. Conclusions and Future Work

The etching of high aspect ratio GaN nanowires has been optimized in order to determine
the ideal dry and wet etch conditions. The dry etching effects of chloroform flow, pressure, and
power have been examined going into more detail than previously published works. Results
allow for the optimization of the nanowire fabrication process and provided much more
knowledge of etching GaN. These findings allow the dry etch to be tailored to produce a range
of shapes from nanopyramids, inverted nanopyramids, and vertical nanowires for a number of
new applications. For the production of vertical nanowires, the etch rate has been improved

over seven times, while the selectivity has been improved by two times, compared with the POR.

The KOH wet etching has also been advanced, looking at the effects of temperature, time,
concentration, and how these factors interact with dry etching. High temperatures are found to
have a higher etch rate alongside rougher surface formation. Aspects of the damage recovery of
the wet etch were better quantified showing 82 % recovery compared with a planar surface.
Effects of concentration observed showing a transition in the etch pattern with less crystal
selectivity at higher concentrations, finding 40 % to produce the smoothest surface. These
results advance the use of KOH wet etching to create devices that employ a top-down nanowire
formation approach without the negative effect of crystal damage. Nanowires combining the
dry and wet optimizations allow for high aspect ratio nanowires to be fabricated with custom

diameters smaller than 100 nm.

This work has led to a novel GaN nanowire FET device and will continue to pave the way
for future projects. Devices such as the one shown schematically in Figure 27 have been realized
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through the GaN wire etching mechanisms presented here. Other studies are also being pursued

looking at the effect of wire shape in the fabrication of nanowire LEDs.

Figure 27. Nanowire Transistor schematic
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