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Abstract: Self-assembled nanowires are posed to be viable alternatives to conventional 
planar structures, including the nitride epitaxy for optoelectronic, electronic and nano-energy 
applications. In many cases, current injection and extraction at the nanoscopic scale are 
essential for marked improvement at the macroscopic scale. In this investigation, we study the 
mechanism of nanoscale current injection and the origin of improvement of the flow of 
charged carriers at the group-III nitride semiconductor surface and metal-semiconductor 
interfaces. Conductive atomic force microscopy (c-AFM) and Kelvin probe force microscopy 
(KPFM) enable a rapid analysis of the electrical and morphological properties of single and 
ensemble nanostructures. The surface potential and current injection of AlGaN nanowire-
based LEDs are spatially mapped before and after surface treatment with KOH solution. 
Treated-nanowires showed an improved current spreading and increased current injection by 
nearly 10×, reduced sub-turn-on voltage (as low as 5 V), and smaller series resistance. The 
reduced contact potential confirms the lower semiconductor/metal barrier, thus enabling 
larger carriers flow, and correlates with the 15% increase in injection efficiency in 
macroscopic LEDs. The improvement leads to the normalization of nanoscale electrical 
conducting properties of UV AlGaN-based nanowire-LEDs and lays the foundation for the 
realization of practical nanowire-based device applications. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

AlGaN-based UV nanowires light emitters have recently attracted attention due to their 
unique properties [1–3] that partly overcome the drawbacks of the more mature planar 
technology, such as spontaneous and piezoelectric polarization fields [4], high dislocation 
density [5], low p-doping efficiency [6], and light extraction efficiency [7]. Moreover, group-
III nitride nanowires can be grown on CMOS-compatible and cost-effective substrate such as 
Si [8,9] and highly conductive metal substrates [10–14]. This allows better electrical and heat 

                                                                             Vol. 9, No. 1 | 1 Jan 2019 | OPTICAL MATERIALS EXPRESS 203 

#347612 https://doi.org/10.1364/OME.9.000203 
Journal © 2019 Received 8 Oct 2018; revised 23 Nov 2018; accepted 2 Dec 2018; published 17 Dec 2018 

https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/OME.9.000203&domain=pdf&date_stamp=2018-12-18


dissipation compared to the commercial AlN and sapphire substrates, and improves the 
overall device performance [15,16]. Therefore, they offer a promising future for applications 
in air purification, water disinfection, curing, phototherapy and the next generation of high 
resolution displays [17,18]. However, limitations in eventual electro-optical conversion 
devices remain elusive to the nanostructure community, in particular when practical electrical 
devices are developed. For instance, nanostructures suffer from the large density of surface 
states, caused by the high surface-to-volume ratio. The large depletion layer resulting from 
the Fermi level pinning decreases the density of free electrons toward the surface, increasing 
the non-radiative recombination and affecting the quantum efficiency of the devices [19]. 
Moreover, the small contact area and the self-assembled growth of nanowires, lead to non-
uniformity and low carrier injection which subsequently lowers the injection efficiency. 

Various approaches have been employed to overcome these issues, such as sulfur-based 
compounds [20–22] and large band-gap encapsulation layers [23]. Recently, the microscopic 
enhancement of luminescence of AlGaN-based nanowires LEDs by using KOH solution has 
been reported [24]. However, the nanoscale origin and the mechanism of such enhancement 
are yet to be clarified. In fact, the results do not elucidate how the uniform injection can be 
obtained in such inhomogeneous ensemble of nanowires. Without this information, the 
utilization of nanowires for electrical devices is therefore hampered. 

Conductive atomic force microscopy (c-AFM) has been previously utilized to study the 
nanoscale behavior of single nanowires and to visualize the electrical inhomogeneity [25–29]. 
This powerful technique allows a systematic investigation of rapid electrical properties 
without directly fabricating the device, hence enabling an immediate feedback on the grown 
sample quality. Moreover, it is applicable to a large variety of nanostructures and 
nanomaterials with high aspect ratio for studying the optical and electrical interaction with the 
surface. Various single nanowire electrical measurements have been performed to analyze 
material properties such as specific contact resistivity [30], doping concentration [31] [2], and 
current-voltage characteristics [32]. However, most of these efforts are based on single 
nanowire which requires complicated and time-consuming fabrication processes, e.g. e-beam 
lithography, preventing an overall device evaluation in a relatively large scale. Thus, c-AFM 
highlights the advantage of electrical measurements not only in single nanowire but also a 
cluster of nanowires with overall picture of their electrical performance. Despite the insightful 
work using this technique to measure the single nanowire and to understand the failure 
mechanisms, a thorough study of the electrical performance relative to the poor injection 
current caused by the nanowires surface in large scale is still lacking, and requires significant 
investigation to advance this field and bridge the gap that currently exists with the thin film 
technology. 

In this work we address the nanoscale current injection limitation of UV AlGaN 
nanowires by analyzing, for the first time, the origin that prevents the efficient carrier flow 
and distribution uniformity. c-AFM and KPFM techniques were used to measure the single 
nanowires, and to map the current and the contact potential difference distributions of 
ensembles of nanowires. KOH-treatment was utilized to remove oxides and flatten the contact 
surface hence enabling a larger number of nanowires to be electrically injected and contribute 
to the overall device characteristics enhancement. Higher injection current, lower sub-turn-on 
voltage and smaller series resistance were achieved for the KOH-treated samples, as well as 
more than 2 × lower contact potential, confirming the lower surface band-bending. Full 
device structures exhibited current density as high as 240 A/cm2 compared to an average of 
140 A/cm2 for the as-grown samples. Moreover, 15% improvement in injection efficiency 
was achieved for the treated device samples. This study aims to give a deep understanding of 
the nanometer scale current injection mechanism among the self-assembled AlGaN-based 
nanowires, and provides insights towards enhanced current spreading, injection efficiency and 
overall UV device performance demonstration. 
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We then measured the I-V curves of the three samples by sweeping the voltage from �6 to 
10 V as shown in Fig. 3(a). Single nanowires were identified and tested, and the measurement 
was performed on different areas of the sample to have a better understanding of the 
inhomogeneity throughout the sample. One can notice that the as-grown sample shows the 
lowest current at the same voltage, while the values increase with KOH treatment time. A 
maximum current of ~1.4 nA was obtained for the 40 s KOH sample that corresponds to more 
than 1 order of magnitude higher than the as-grown sample. The 10 s KOH sample 
characteristics fall between the other two samples, meaning that the treatment time is not 
enough to obtain the highest device performance. All the three samples show a relatively 
large operation range, signifying that the non-uniformity among single nanowire plays an 
important role in the I-V curves [27]. Despite this, clear improvement was achieved by 
treating the nanowire samples with KOH. This can be explained by both surface oxide 
etching and flat surface (Fig. 1(b)) that allow better metal-semiconductor contact and current 
injection, as well as the removal of surface states at the nanowires sidewalls. It is worth 
mentioning that some electrical shorts exist in the sample, hence carrying most of the current 
injected [28]. However, the I-V characteristics of such nanowires have been removed for a 
more representative comparison. 

The sub-turn-on voltages (non-abrupt Vth) are extracted by linearly fitting the high current 
(between 7.5 V and 10 V) segment of the curve (see blue dotted line in Fig. 3(a)). On average, 
lower Vth (~5 V) were obtained for the 40 s KOH samples, while similar values are shown for 
the other two samples. The Vth is slightly larger than the theoretical value of Vth �VD �Eg/e, 
(where VD, Eg and e are the diffusion voltage, energy bandgap and elementary charge, 
respectively) that is due to the common III-V semiconductor disadvantages such as bandgap 
discontinuities and contact resistance that cause additional voltage drop. Our results align 
well with previous report that showed an average turn-on voltage of 4.6 V for single AlGaN-
based nanowire adopting a tunnel junction structure [27]. Therefore, we believe that by 
combining the tunnel junction and the KOH treatment, we would be able to reduce the 
operation voltage even further. Despite the deviation from the ideal I-V characteristics, lower 
series resistance was achieved for the 40 s KOH sample meaning that the contact resistance is 
reduced. The parallel resistance also plays a crucial role in nanowires due to the large surface-
to-volume ratio. By decreasing the surface states with KOH, such resistances are reduced and 
improved I-V curves can be measured. The figure of merits extracted from the I-V curves are 
shown as histograms in Fig. 3(b). 
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