E proceedings m\D\Pﬂ

Proceedings

Top-Down Fabrication of Arrays of Vertical GaN
Nanorods with Freestanding Top Contacts for
Environmental Exposure t

Nicolai Markiewicz >*, Olga Casals 23, Muhammad Fahlesa Fatahilah 1, Klaas Strempel 1,
Alaaeldin Gad !, Hutomo Suryo Wasisto 1, Andreas Waag ! and Joan Daniel Prades 23*

1

Institute of Semiconductor Technology (IHT) and Laboratory for Emerging Nanometrology (LENA),
Technische Universitat Braunschweig, D-38106 Braunschweig, Germany;
m.fatahilah@tu-braunschweig.de (M.F.F.); k.strempel@tu-braunschweig.de (K.S.);
agadnrc@gmail.com (A.G.); h.wasisto@tu-bs.de (H.S.W.); a.waag@tu-bs.de (A.W.)
MIND, Department of Electronic and Biomedical Engineering, Universitat de Barcelona, E-08028
Barcelona, Spain; ocasals@el.ub.edu
Institute of Nanoscience and Nanotechnology (IN?UB), Universitat de Barcelona, E-08028 Barcelona,
Spain
* Correspondence: n.markiewicz@tu-braunschweig.de (N.M.); dprades@el.ub.edu (J.D.P.);

Tel.: +49-531-391-3806 (N.M.); +34-93-403-9159 (J.D.P.)
t Presented at the Eurosensors 2018 Conference, Graz, Austria, 9-12 September 2018.

Published: 3 December 2018

Abstract: Arrays of 1D-vertically arranged gallium nitride (GaN) nanorods (NRs) are
fabricated on sapphire and connected to both bottom and freestanding top contacts.
This shows a fully validated top-down method to obtain ordered arrays of high-surface-to-
volume elements that can be electrically interrogated and used, e.g., for sensing applications.
Specifically, these will be used as highly integrated heating elements for conductometric gas
sensors in self-heating operation. Detailed fabrication and processing steps involving
inductively coupled plasma reactive ion etching (ICP-RIE), KOH-etching, interspace filling,
and electron-beam physical vapor deposition technologies are discussed, in which they can be
well adjusted and combined to obtain vertical GaN NRs as thin as 300 nm in arbitrarily large
and regular arrays (e.g., 1 x 1, 3 x 3, 9 x 10 elements). These developed devices are proposed as
a novel sensor platform for temperature-activated measurements that can be produced at a
large scale offering low-power, and very stable temperature control.
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1. Introduction

It has been demonstrated that 1D-nanorods, offer very large surface-to-volume ratio, high
chemical- and thermal-stability, and dimensions comparable to the extension of surface charge
region, which make them potential candidates for the development and production of simple,
power-efficient, reliable, cost-effective, and sensitive gas sensors [1]. GaN nanorods in
combination with surface coatings can lead to the sensor resistance changes under exposure to
gases, even at very low concentration [2]. Previous works in the production of NRs for sensing
purposes were mostly focused on other more conventional materials, like metal-oxides or
carbon-nanostructures, and mostly with lateral orientation [3-6]. Here, we choose to
investigate the integration of GaN NRs in a vertical architecture following a fully top-down
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approach. This facilitates fabrication processing at a large scale, leads to better reproducibility,
and allows for a good exchange of gases with the atmosphere. Also, the 1D- shape of the NRs
and their ordered operation serve as clear parallel electron transfer pathway, which can be
operated, e.g., as a Joule self-heating platform (Figure 1), with low power requirements,
fast thermal response, and stable operation. [1,3,4].
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Figure 1. Illustration of the device design: (a) before and (b) after contact creation. (¢) Cross-
sectional view of a finished heating platform.

2. Device Fabrication

Vertically arranged and contacted GaN-nanorod arrays were fabricated, starting with a
bulk GaN layer on a sapphire wafer via top-down processing using photolithography,
two-step ICP-RIE at room temperature, and two-step KOH-etching at 85 °C. The employed
etching method is an enhancement of single-step GaN hybrid etching that has been
implemented for creating vertical nanoelectronics (e.g., field-effect transistors [7-9]).

The so-called two-step hybrid etching method combining SF6/H2-based ICP-RIE and wet
KOH etching is necessary for etching the GaN NRs completely down to the sapphire (Figure
2a—f. This step is critical as the isolation of every single NR must be guaranteed, so that the
GaN bulk or the GaN buffer region will not contribute to the required power for driving the
NR elements. Additionally, the currents that pass through the rods can be well controlled by
adjusting their dimension and number. This etching step for insulating purpose is not
straightforward especially for 3D GaN nanostructures with very high aspect ratios. In this case
the total height of the rods that needs to be etched is around 4.4 um.

General GaN thinning methods including the single-step hybrid etching technique [7,8]
may result in a fragile structure, regardless of the obtained 300 nm rod diameter. Therefore,
the intermediate thinning (i.e., shrinkage of the rod only at its middle part) as proposed in this
work offers a beneficial way for realizing more stable NR arrays with solid pedestal against any
mechanical harm. Besides, for the following processing step, the bottom contact can have an
improved attachment to the NR.

After the GaN NR arrays have been patterned, the bottom contact was produced by means
of evaporation of metal thin layers with EBPVD. Meanwhile, the free-standing top contact
fabrication required adequate filling of the spaces between the NRs, prior to metallization.
This filling was a sacrificial layer consisting of AZ5214E Photoresin. Finally, the sacrificial filler
was removed, leading to fully exposed NRs (Figure 1c).

From the used mask designs, the arrays could be fabricated either as a single NR or arrays
of 9 NRs (3 x 3 array) and 90 NRs (9 x 10) with different NR diameters from 1.4 pum down to 1.0
pum. These initial diameters could be further thinned down to 300 nm after the second KOH-
etching process.

Figure 3a,b show a SEM image of (a) a top and bottom contacted GaN NR array and (b) a
single non-contacted GaN NR. Further tests indicated that low power values (in the range of
several hundred uW) are sufficient to heat up an array of 90 NRs to 200 °C, which means that
around a few uW is required for a single NR. In terms of efficiency, this has led to specific
Efficient Self-Heating (ESH) values [1] in the order of 10-100 K/uW, which is comparable with
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the best results achieved so far in literature but with a much easier fabrication process (instead
of e.g., FIB-lithography and nanomanipulation) [1-6].
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Figure 2. Process steps for the two-step ICP-RIE and two-step KOH etching. Schematics and
SEM images of nanorod array after (a,b) the first ICP-RIE, (¢, d) the first KOH etching for
smoothing NR surface and reducing its diameter size, and (e,f) the subsequent second ICP-RIE
and the second KOH etching for the final surface smoothing treatment.
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Figure 3. (a) Array of 3 x 3 nanorods with top and bottom connection. (b) Single GaN nanorod

with 300 nm diameter with intermediate narrowing.

3. Conclusions

Arrays of 1D-vertically arranged gallium nitride (GaN) nanorods (NRs) were fabricated on
sapphire and connected to both bottom and freestanding top contacts. Detailed fabrication and
processing steps were discussed including the two-step ICP-RIE at room temperature, and
two-step KOH-etching, resulting in fully working Self-Heating Platforms. These developed
devices are proposed as a novel sensor platform for temperature-activated measurements that
can be produced at a large scale offering low-power, and very stable temperature control.
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