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Self-organized AlGaN nanowires by molecular beam epitaxy have attracted signifi-

cant attention for deep ultraviolet optoelectronics. However, due to the strong compo-

sitional modulations under conventional nitrogen rich growth conditions, emission

wavelengths less than 250 nm have remained inaccessible. Here we show that Al-rich

AlGaN nanowires with much improved compositional uniformity can be achieved

in a new growth paradigm, wherein a precise control on the optical bandgap of

ternary AlGaN nanowires can be achieved by varying the substrate temperature.

AlGaN nanowire LEDs, with emission wavelengths spanning from 236 to 280 nm,

are also demonstrated. C 2016 Author(s). All article content, except where other-

wise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4961680]

Deep ultraviolet (UV) light sources including light emitting diodes (LEDs) and lasers in the

wavelength range of 240 nm are essential for a broad range of applications including surface

treatment, biochemical analysis, and medical diagnostics. As of yet, a mature semiconductor tech-

nology has been missing for this purpose. AlGaN compound semiconductors, with their wide

optical bandgap tunability from 200 to 364 nm, have been intensively investigated for applica-

tions in UV LEDs and lasers.1–13 However, compared to the well-established high performance

GaN-based quantum well LEDs and lasers operating in the near-UV, blue, and blue-green spectral

ranges, realizing high performance AlGaN quantum well UV LEDs and lasers in the UV-C band

(200-280 nm), in particular those emitting below 240 nm, has been extremely challenging.1–4,13–17

The extraordinary challenges include the presence of large dislocation and defect densities, the

extremely inefficient p-type conduction due to the large Mg activation energy and doping induced

defect donors, and the unique TM light polarization in Al-rich AlGaN.5–8

As an alternative path to achieve high efficiency UV LEDs and lasers, AlGaN nanowire struc-

tures have drawn considerable attention.18–30 The promise of AlGaN nanowires stems not only

from their low defect densities, but more importantly, their surface enhanced p-type dopant (Mg)

incorporation. It has been demonstrated, both experimentally and theoretically, that Mg-dopant

incorporation is significantly enhanced in AlN, InN, and GaN nanowire structures compared to

their bulk counterparts,26,31–33 thereby promising very efficient p-type conduction in wide bandgap

Al-rich AlGaN that was not possible previously. However, with the use of conventional chemical

vapor deposition processes, Al-rich AlGaN nanowire structures only yield defect-related emissions

in the wavelength range >300 nm.18–22 Recent studies have shown that spontaneously formed Al-

GaN nanowire heterostructures with significantly improved optical and electrical properties can

be realized via catalyst-free molecular beam epitaxy (MBE).23–30,34–38 Nevertheless, the operation
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wavelengths of LEDs and lasers using such spontaneously formed AlGaN nanowires have been

limited to 250 nm, or longer.28,35

In the growth process of such spontaneously formed AlGaN nanowires, it involves the use of

highly nitrogen rich conditions to promote the formation and nucleation of nanowire structures.

However, due to the stronger binding energy of Al–N bond compared to Ga–N bond,39 this nitrogen

rich environment significantly reduces the Al adatom diffusion length, leading to highly nonuni-

form Al and Ga incorporation, which is evidenced by the commonly observed core-shell structures

in AlGaN nanowires,24,27,30,34,38 and the presence of significant compositional nonuniformity at

the nano-24,25,38,40 and atomic-scale.34,35 This nonuniform Al and Ga incorporation significantly

limits the wavelength tunability of AlGaN ternary nanowires in the UV-C band and prevents the

realization of devices operating at a shorter wavelength.

In this paper, we show that MBE grown self-organized Al-rich AlGaN nanowires with rela-

tively uniform compositional distribution can be achieved in a growth paradigm that is different

from the conventional nitrogen rich conditions. This growth process involves the use of a GaN

nanowire template to promote the formation of AlGaN nanowires, and subsequently a low nitrogen

flow rate to enhance the surface migration of Al adatoms and thus the uniformity of Al/Ga compo-

sitional distribution, which is confirmed by scanning transmission electron microscopy (STEM)

studies. We further show that, in this growth regime, a precise control on the optical bandgap of

ternary AlGaN nanowires can be readily achieved by varying the substrate temperature, instead

of changing Al and Ga beam equivalent pressures (BEPs) as in the conventional epitaxy pro-

cess.5–8,24,25,41 These findings provide a great promise to realize functional UV LEDs and lasers

below 240 nm with AlGaN nanowires. In the end, as an example, we demonstrate ternary AlGaN

nanowire LEDs with emission wavelengths in the range of 236 to 280 nm.

In this work, ternary AlGaN nanowire samples were grown by radio-frequency plasma-assisted

MBE on Si substrate. Before the growth of the AlGaN segment, a GaN nanowire template was

grown first, which provides an important dimension to control the growth process of the subsequent

AlGaN nanowire segment. Figure 1(a) shows the schematic of the growth of AlGaN nanowire

segment on such GaN nanowire template. For the growth of AlGaN segment, in order to enhance

the Al migration, nitrogen flow rate was reduced to 0.4 standard cubic centimetre per minute

(SCCM) compared to the previously reported value of 1 SCCM,24,25,28,34,35 while both Al and Ga

BEPs were kept at 2 × 10−8 Torr and substrate temperature (thermocouple reading) was in the range

of 895–960 ◦C. Figure 1(c) shows the typical SEM image of such GaN/AlGaN nanowires. It is seen

that highly uniform GaN/AlGaN nanowires, with an average height of 300 nm and diameter of 95

nm, can be formed. The nanowire density is about 2 × 1010 cm−3. However, it is found that with

such a low nitrogen flow rate, directly growing AlGaN nanowires on Si substrate without the GaN

nanowire template only leads to highly coalesced nanowires and/or quasi-film-like structures, illus-

trated in Figs. 1(b) and 1(d). These results, therefore, suggest that the growth of AlGaN nanowire

segment under low nitrogen flow rate in the present study is different from the conventional Al-

GaN nanowire growth in nitrogen rich conditions;24,26,37,40 and it can be seen that with the use of

GaN nanowire template, the subsequent growth of AlGaN nanowires does not necessarily require

conventional nitrogen rich conditions.24,26,37,40

The detailed structural characterization of AlGaN nanowires was performed using a dou-

ble aberration-corrected FEI Titan Cubed 80-300 STEM operated at 200 kV. Atomic-resolution,

atomic-number sensitive (Z-contrast) STEM high-angle annular dark-field (HAADF) images were

obtained using a detector angular range of 63.8–200 mrad. Elemental mapping by electron energy-

loss spectroscopy (EELS) in STEM mode was done using the Ga L2,3 and Al K-edges with the

spectrum imaging technique. Weighted principal components analysis (PCA) was applied for noise

reduction of the spectrum images using the MSA plugin implemented within DigitalMicrograph

by HREM Research Inc. The nanowire samples were mechanically removed from Si substrate, and

re-dispersed onto carbon-coated TEM support grids with anhydrous ethanol. Shown in Fig. 2(a) is a

low-magnification STEM-HAADF image of a single GaN/AlGaN nanowire grown with a nitrogen

flow rate of 0.4 SCCM and a substrate temperature of 950 ◦C. It is seen that AlGaN nanowire

segment (darker region) is grown on GaN nanowire template (brighter region). The corresponding

color-coded EELS elemental mapping shown in Fig. 2(b) highlights the Ga (blue) and Al (red)
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FIG. 1. MBE growth of AlGaN nanowires with a low nitrogen flow rate (0.4 SCCM). (a) Schematic of AlGaN nanowires

grown on a GaN nanowire template on Si substrate. (b) Schematic of direct growth of AlGaN nanowires on Si substrate.

(c) SEM image of GaN/AlGaN nanowires on Si. (d) SEM image of highly coalesced AlGaN nanowires grown directly on Si

substrate. The SEM images were taken with a 45◦ tilting angle.

distributions within the nanowire. A sharp GaN/AlGaN interface is also measured, indicating the

superior crystalline quality of the AlGaN nanowire segment. Figure 2(c) shows a high-resolution

STEM-HAADF image near the top region of the AlGaN nanowire shown in Fig. 2(a). It is seen that

the AlGaN segment exhibits relatively homogeneous image intensity, indicative of relatively uni-

form Al distribution. As a comparison, we have also studied the structural properties of GaN/AlGaN

nanowires grown with similar conditions, except with a higher nitrogen flow rate (1.0 SCCM),

i.e., in the conventional nitrogen rich condition for spontaneously formed nanowires by MBE. A

low magnification STEM image of such a single nanowire is shown in Fig. 2(d), with the high-

resolution image shown in the inset. Strong atomic-scale Al-/Ga-rich compositional modulations

are evident, which are ascribed to the unique growth kinetics of AlGaN nanowires under nitrogen

rich conditions.34,35,38

Therefore, these studies suggest the important role of nitrogen flow rate on the Al adatom

incorporation. By reducing the nitrogen flow rate, Al adatom migration is enhanced, leading to

significantly improved Al compositional uniformity, in contrast to AlGaN nanowires grown in the

conventional nitrogen rich regime.24,26,37,40 It has also been reported that with reducing nitrogen

species, phase separation in AlGaN epilayers can be suppressed.42 In addition, it is worthwhile

mentioning that the detection limit for compositional variations from statistically random variations

in this study is ∼5 at.%. A small level of nano- or atomic-scale compositional modulation, coupled

with the corresponding change in polarization field of AlGaN, may still exist and provide strong

quantum-confinement of charge carriers.

Photoluminescence (PL) spectroscopy experiments were subsequently performed on a se-

ries of GaN/AlGaN nanowire samples grown with a nitrogen flow rate of 0.4 SCCM and sub-

strate temperatures varying from 895 to 960 ◦C. Al and Ga BEPs were kept at 2 × 10−8 Torr. In

the PL measurements, the nanowires were optically excited using a 193 nm ArF excimer laser.

The laser spot size was about 1 mm2. The emitted light from the nanowires was collected by
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FIG. 2. Structural properties of AlGaN nanowires. (a) A low-magnification STEM image of a single GaN/AlGaN nanowire

grown with a low nitrogen flow rate (0.4 SCCM), and (b) the corresponding color-coded EELS maps showing the elemental

distribution of Ga and Al. (c) A high-resolution image taken from the AlGaN segment in (a), manifesting the relatively

uniform Al distribution. The thin bright band is the p-GaN contact layer. (d) A low-magnification STEM image of a single

GaN/AlGaN nanowire grown with a high nitrogen flow rate (1.0 SCCM), with the inset showing a high-resolution image

taken from the AlGaN segment, highlighting the strong atomic-scale compositional modulation.

a fused silica lens and spectrally resolved by a high-resolution spectrometer, and then detected

by a liquid nitrogen cooled CCD camera. Figure 3(a) shows the PL spectra measured at room

temperature. It is seen that the emission wavelength exhibits a progressive blueshift with increas-

ing substrate temperature. At a growth temperature of 960 ◦C, AlGaN nanowires with emission

wavelength at 232 nm are achieved, with a spectral linewidth (full-width-half-maximum—FWHM)

of 16 nm. Al composition can be approximated by the room-temperature PL peak energy EPL via

EPL(x) ≈ Eg(x) = (1 − x)Eg(GaN) + xEg(AlN) − bx(1 − x), where x is the Al composition, Eg is the

bandgap energy, and b is bowing parameter that is generally in the range of 0.6-1.3 eV.43–46 In

the present work, b is taken to be 1 eV, Eg(GaN) and Eg(AlN) are 3.4 and 6.2 eV, respectively.

Figure 3(b) shows the PL peak wavelength vs. Al content x, which is consistent with previous

reports.24,47 In addition, it is noted that due to the presence of Al-rich AlGaN shell, the average Al

content should be higher than what is estimated here.

We have further investigated optical properties of an AlGaN nanowire sample grown under

similar conditions as the sample emitting at 232 nm, except that the nitrogen flow rate was increased

FIG. 3. PL properties of AlGaN nanowires. (a) PL spectra of samples grown under different substrate temperatures (895 ◦C

to 960 ◦C) with a nitrogen flow rate of 0.4 SCCM. The arrow indicates the growth temperature increase direction. (b) PL peak

wavelength vs. Al content. (c) PL spectrum (blue curve) of a sample grown with the similar condition as the sample emitting

at 232 nm in (a) (also shown in (c), red curve), but with a nitrogen flow rate of 1.3 SCCM.
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to 1.3 SCCM. As illustrated in Fig. 3(c), it is seen that the PL peak is red-shifted to around 253 nm,

with a significantly broader linewidth (FWHM) of 36 nm. This broad linewidth is similar to previ-

ous reports,24,34 and is attributed to inhomogeneous broadening associated with highly nonuniform

Al (and Ga) distribution when grown under nitrogen rich conditions (also see Fig. 2(d)).

The compositional nonuniformity makes it difficult to achieve optical emission in the wave-

length range of 240 nm in previous studies. In this work, by growing AlGaN nanowires with low

nitrogen flow rate, we have discovered that the optical bandgap (and thus the emission wavelength)

of AlGaN nanowires can be precisely tuned by simply varying the substrate temperature, instead of

changing the Al/Ga BEP ratio in the conventional process.24,25,41 A consistent blueshift of the PL

emission wavelength with increasing growth temperature, shown in Fig. 3(a), is directly related to

the enhanced Ga adatom desorption and therefore reduced incorporation in the nanowire.

This precise control on the optical bandgap of ternary AlGaN nanowires with the afore-

discussed nonconventional approach provides a great promise to realize AlGaN nanowire deep

UV optoelectronic devices, in particular LEDs and lasers below 240 nm, which have remained

challenging today. In the end, as an example, we show Al-rich AlGaN nanowire LEDs in the UV-C

band, and more importantly, AlGaN nanowire LEDs emitting below 240 nm are also demonstrated

for the first time. The device schematic is shown in Fig. 4(a). The device active region consists of

40 nm undoped AlGaN, surrounded by p- and n-doped AlGaN cladding layers. Si (n-type dopants)

and Mg (p-type dopants) doping concentrations were around 2 × 1019 cm−3 and 2 × 1020 cm−3,

respectively.26,31 A very thin (3 nm) GaN layer was deposited as the p-contact layer. For device

fabrication, 10 nm Ti/30 nm Au metal layers were deposited onto the backside of n-Si substrate with

an e-beam evaporator. The sample was then patterned into devices by optical lithography. No filling

materials were utilized in this work, to avoid any light absorption in the UV-C spectral range. The

top p-metal contact (10 nm Ni/10 nm Au), with a size of 500 µm × 500 µm, was deposited also by

FIG. 4. Characteristics of AlGaN nanowire LEDs. The p-metal size is 500 µm × 500 µm. (a) Schematic of AlGaN nanowire

LEDs. (b) I-V characteristics of AlGaN nanowire LEDs emitting around 240 nm, with the inset showing the plot in a semi-log

scale. (c) EL spectra measured from AlGaN nanowire LEDs with different emission wavelengths, under an injection current

of 20 mA. The arrow indicates the increase of growth temperature for AlGaN active layers. (d) The light output power and

relative EQE vs. injection current of a device emitting around 240 nm.
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e-beam evaporation, with a tilting angle. The devices were measured with a Keithley 2400 source

meter unit under continuous-wave (CW) biasing.

The current-voltage (I-V) characteristics of an AlGaN nanowire LED device with emission

wavelength around 240 nm are shown in Fig. 4(b). The device has a turn on voltage slightly over

5 V. The inset of Fig. 4(b) shows the I-V characteristics in a semi-log scale. The excellent current

conduction in such an Al-rich AlGaN nanowire LED is directly related to the significantly enhanced

Mg-dopant incorporation in the nanowire structure and the resultant Mg impurity band conduc-

tion.48,49 The room-temperature electroluminescence (EL) spectra measured from different devices

are shown in Fig. 4(c). The emitted light was collected from the device top surface by a deep UV

optical fibre and detected by a CCD camera. It is seen that by changing the growth temperature of

the device active region, the emission wavelength of AlGaN nanowire LEDs can be precisely tuned

from 236 to 280 nm. Moreover, for all the devices measured, there is no defect emission in the UV

spectral range, and only negligible emission around 480 nm is measured. The light output power vs.

injection current of a device emitting around 240 nm is shown in Fig. 4(d) (red circles). It is seen

that the light intensity increases nearly linearly up to 15 mA. A maximum light output power around

100 nW is measured. The relative external quantum efficiency (EQE, defined by the light intensity

over current in the present study) is also shown in Fig. 4(d) (blue triangles). A droop behavior is

clearly seen, which is largely attributed to electron overflow, due to the highly asymmetric electron

and hole transport in Al-rich AlGaN and the absence of electron blocking layer.

In summary, we have established an epitaxy process of self-organized GaN/AlGaN nanowire

heterostructures to achieve tunable emission in the deep UV spectral range. By employing a GaN

nanowire template and growing AlGaN nanowires with a low nitrogen flow rate, the Al/Ga compo-

sitional uniformity is significantly improved, and the optical bandgap (and thus the emission wave-

length) of ternary AlGaN nanowires can be readily tuned by varying the substrate temperature,

instead of by changing the Al/Ga BEP ratio. These findings not only represent a critical step towards

achieving UV LEDs and lasers below 240 nm with AlGaN nanowire technologies, but are also

important for the growth and synthesis of other semiconductor nanostructures. As an example, we

have demonstrated AlGaN nanowire LEDs with emission wavelengths in the UV-C band, including

the spectral range below 240 nm, which was not possible previously with AlGaN nanowires. Future

work includes the development of high power AlGaN nanowire UV LEDs and lasers below 240

nm, which are extremely important for a wide range of applications in biochemical and medical

sciences.
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