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Project Report

1. Statement of the Problem Studied

Deep ultraviolet (UV) light sources are essentially required for a broad range of applications
including materials processing, bio-chemical detection, water purification, and disinfection. In
this regard, significant strides have been made in AlGaN quantum well lasers in the past decade
[1-13]. To date, however, the shortest operation wavelength for semiconductor quantum well
lasers is limited to ~ 336 nm under electrical injection [14]. Albeit optically pumped DUV lasers
have been reported down to ~214 nm [10], the lasing threshold is prohibitively large, on the
order of 10° to 10° W/cm? [5]. The poor performance of deep UV optoelectronic devices is
largely related to the presence of extremely large densities of threading dislocations (typically in
the range of 108 cm, or higher), strong polarization field and the related quantum-confined Stark
effect, and extremely poor p-type conductivity of AIN (hole concentration in AIN typically
limited to ~ 10 cm3, or less) [6, 15-19].

We have recently demonstrated that the afore-described challenges for achieving high
performance deep UV lasers can be fundamentally addressed by the emerging AIGaN nanowire
structures [20-33]. We have performed a detailed investigation of the molecular beam epitaxial
growth and characterization of Al-rich AIGaN nanowire heterostructures. We have discovered
that AlGaN quantum dot-like nanostructures can be spontaneously formed in nearly defect-free
AlGaN nanowire structures, which can provide superior three-dimensional quantum-confinement
of charge carriers and drastically reduce the transparent carrier density compared to conventional
qguantum wells [27]. Moreover, both Si and Mg dopant incorporation can be significantly
enhanced in nanowire structures, due to the much reduced formation energy in nanowires,
thereby leading to highly efficient current conduction that was not previously possible [30, 34,
35]. We have further demonstrated, for the first time, electrically pumped AlGaN nanowire
lasers operating in the UV-B and UV-C bands [24, 27, 28, 31]. These achievements are
summarized below.

2. Summary of the Most Important Results

2.1. Three-dimensional quantum confinement of charge carriers in nearly defect-free
AlGaN nanowire arrays

We have systematically investigated the molecular beam epitaxial growth and characterization of
AlGaN ternary nanowires, and have demonstrated emission wavelength tunability of AlGaN
nanowires in the UV-B and UV-C bands by varying the alloy compositions [22]. Moreover, we
have performed detailed structural characterization of AlGaN ternary nanowires grown on Si
substrate by scanning transmission electron microscopy (STEM). We have identified that as Al
content increases, strong Al and Ga compositional modulation can occur [25, 27]. The top panel
of Fig. 1(a) shows the high-angle annular dark-field (HAADF) Z-contrast image of a single
AlGaN nanowire, with the bottom panel showing the corresponding RGB pseudo-color image of
Ga- and Al-signals. It is clearly seen that there is low Al concentration in the nanowire bulk
region and high Al concentration in the near-surface region. The presence of Al-rich AlGaN



shell is attributed to the unique Al migration kinetics under nitrogen rich conditions. Such Al-
rich AlGaN shell can suppress the surface nonradiative recombination, thereby leading to
significantly enhanced carrier injection efficiency and emission efficiency for AlGaN nanowire
LEDs and lasers. Figure 1(b) shows a high-magnification STEM image of an AlGaN nanowire
with an average Al content of 10% (estimated by the PL peak position). It is seen that the
nanowire bulk region exhibits uniform compositional distribution. However, with further
increasing Al composition, strong atomic scale compositional modulation can be seen, illustrated
in Fig. 1(c). The bright stripes correspond to Ga-rich AlGaN regions. Detailed studies further
suggested such Ga-rich AlGaN nanoclusters have dimensions of ~0.25 to 2 nm along the growth
direction, and of ~2 to 10 nm along the lateral direction (perpendicular to the growth direction).
The localized variations in the Ga-concentration have further been estimated to be 5 — 10 at.%. In
addition, both m- and a-plane orientation views of the Ga-rich AlGaN regions suggest that the
Ga-rich regions make up a large portion of the projected thickness within the nanowire diameter
(in order to be detectable), which, together with the observed lateral discontinuity, indicates that
the atomic-scale fluctuations possess quantum dot/dash-like characteristics, and thus provide
three-dimensional quantum-confinement of charge carriers.

Growth Direction
—

(@) (b) (©)
Figure 1: (a) An HAADF Z-contrast image of a single AlGaN nanowire with the corresponding
RGB pseudo-color elemental mapping. (b) and (c) A high-resolution HAADF Z-contrast image
of a low Al content nanowire and a high Al content nanowire, respectively.
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quantum efficiency (~70-80%) was measured at room temperature over a wide range of
excitation powers, assuming the luminescence emission efficiency is unity at 10 K.

2.2. Impurity band conduction in Al(Ga)N nanowires

We have also systematically investigated the growth and characterization of Mg doped AIN
nanowires [20, 25, 32]. To reduce Mg surface desorption, the substrate temperature was reduced
compared to the growth temperature of AIN nanowires. Under optimized growth conditions, Mg-
doped AIN nanowires exhibited relatively uniform size distribution. Photoluminescence
properties have been investigated. Shown in Fig. 3(a) is the PL spectrum of Mg-doped AIN
nanowires at room temperature. It is seen that besides the excitonic emission at ~207 nm, another
low energy peak can be clearly observed, which is separated from the band edge emission by ~
0.5 eV. This energy separation is consistent with the Mg activation energy in AIN, suggesting
this low energy PL peak is due to Mg acceptor energy level related radiative recombination [17].
In addition, it is noted that the Mg acceptor related transition is highly asymmetric, which partly
overlaps with the band edge emission peak (excitonic emission from nondoped AIN nanowires is
also shown in Fig. 3(a) for a comparison). At high Mg conceptions, Mg impurity band can be
formed. The formation of Mg impurity band can lead to hole conduction through Mg impurity
band with much smaller activation energy compared to the energy needed for valence band
holes.
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Figure 3: (a) PL spectrum of Mg-doped AIN nanowires measured at room temperature. PL
spectrum of non-doped AIN nanowires is also shown for comparison. (b) Temperature dependent
resistivity measured from Mg-doped AIN nanowires, with the inset showing the layer-by-layer
structure of the device.

Efficient hole hopping conduction in the Mg impurity band is further confirmed by studying the
electrical properties of Mg-doped AIN nanowires [20, 32]. Here the average free hole
concentration of Mg-doped AIN nanowires was estimated by large area AIN nanowire devices
on Si. The device structure is schematically shown in the inset of Fig. 3(b). In such a structure,
the dominant resistance is from Mg-doped AIN segment. Free hole concentration on the order of
10'® cm was derived at room temperature. Additionally, detailed temperature dependent studies
further indicated that the p-type conduction was associated with an activation energy of only ~
20-30 meV (illustrated in Fig. 3(b)), which is much smaller than the Mg-activation energy in
AIN (~0.5 eV) and is consistent with impurity band hoping conduction.



To understand the reason, we have further performed first-principle calculation of Mg dopant
formation in AIN nanowires [30]. It was found that the Al-substitutional Mg formation energy
was much lower in the near-surface region compared to the bulk region, due to the reduced strain
associated with the large surface of nanowires. As a consequence, Mg dopant concentration can
be significantly enhanced in AIN nanowires, compared to AIN planar structures. Therefore, the
Mg impurity band hole conduction is a natural consequence of high Mg doping concentration
due to the enhanced surface doping. Moreover, such AIN nanowires were grown under nitrogen-
rich conditions; therefore, the formation of nitrogen vacancy related defects (donors) was greatly
minimized.

We have also investigated electrical transport properties of AIN:Mg single nanowire transistors
[20]. Figure 4(a) shows the schematic of a Mg-doped AIN single nanowire transistor with a
back-gate configuration. An SEM image of a fabricated single nanowire transistor is shown in
Fig. 4(b). Back-gate voltage (Vcp) dependent source-drain current (Isp) vs. source-drain voltage
(Vsp) is shown in Fig. 4(c). It is seen that the channel conductance (Isp/Vsp) exhibits a clear
increase as more negative Vep is applied, suggesting a p-type conduction [34, 36]. The transfer
characteristics are shown in Fig. 4(d) at Vsp = 0.2 V. It is seen that Isp reaches a minimum at
Vep ~0.5V, indicating a p-type conduction at Vep =0 V.
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Figure 4: (a) A schematic of Mg-
doped AIN nanowire transistor.
(b) The corresponding SEM
image. (c) Iso vs. Vsp under
different Vep measured at 500 K
from a single Mg-doped AIN
nanowire transistor. (d) The
corresponding transfer
characteristics with Vsp = 0.2 V.
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Hole mobility values have been further derived [20]. Shown by the blue squares in Fig. 5(a), at
room temperature, hole mobility is ~0.67 cm?/V-s, corresponding to a free hole concentration of
5.4 x 10 cm?, illustrated by blue squares in Fig. 5(b). With the increase of Mg-doping
concentration, the hole mobility is reduced, consistent with the enhanced impurity scattering. For
the low-doped sample, the hole concentration is ~5.4 x 10'° cm™ at room-temperature and shows
a small increase with temperature. The hole concentration increases dramatically with
temperature above 600 K, due to the thermal ionization of Mg dopants. Such a temperature-
dependent behavior is consistent with impurity band conduction and valence band conduction at
low and high temperatures, respectively. The significant effect of impurity band conduction is



more evident in the high-doped sample. The hole concentration reaches as high as 6 x 10*" cm™
at room-temperature, which is nearly seven orders of magnitude higher than previously reported
values (~10'° cm®) for Mg-doped AIN epilayers. Moreover, the hole concentration exhibits a
decreasing trend with increasing temperature in the range of 300 K to 550 K, followed by an
increase with temperature from 550 K to 650 K. Such an anomalous temperature-dependent hole
concentration can be well explained by the two-band conduction model. The hole concentrations
in the impurity and valence bands exhibit different temperature-dependent behaviors: The
effective hole concentration in the impurity band decreases with temperature, whereas hole
concentration in the valence band increases with temperature. Consequently, the dominance of
impurity band conduction near room-temperature leads to a decrease of hole concentration from
300 K to 550 K. With further increasing temperature, the contribution from holes in the valence
band becomes more important, and the overall hole concentration shows an increasing trend with
temperature. Such a unique temperature-dependent hole concentration has been previously
measured in GaN in a lower temperature range [20].
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Factors that contribute to such unusually efficient p-type conduction in ultra-wide-bandgap
Al(Ga)N are described as follows. i) AI(Ga)N nanostructures exhibit drastically reduced defect
densities, compared to Al(Ga)N epilayers. Moreover, the use of plasma-assisted MBE can
significantly reduce impurity incorporation, such as carbon, compared to AlGaN grown by CVD
or MOCVD. ii) The use of nitrogen-rich epitaxy conditions suppress the formation of nitrogen-
vacancy related defects (donors) in Al(Ga)N. iii) Recent first-principles calculations have
revealed that the Al-substitutional Mg formation energy is drastically reduced in AlGaN
nanowire structures, compared to that in AlGaN epilayers, thereby leading to significantly
enhanced Mg-dopant incorporation and the formation of Mg impurity band in Al(Ga)N
nanostructures. iv) Another critical advantage associated with the enhanced Mg-dopant
incorporation is that a portion of the Mg-dopants have significantly reduced ionization energy,
due to the band tailing effect and the significantly broadened Mg energy levels, which is
evidenced by the partial overlap between the excitonic emission and the Mg acceptor related
radiative recombination transition peaks shown in Fig. 3(a).

2.3. Surface emitting AIN nanowire LEDs
We have also demonstrated the first AIN nanowire LEDs [29, 30]. The device structure is shown

in Fig. 6(a), which consists of n-GaN, p-i-n AIN, and p-AlGaN contact layer. A direct metal
deposition at a tilting angle, consisting of 15 nm Ni/10 nm Au was employed to form p-contact



on the nanowire top surface. In the device fabrication process, no polymer passivation was used,
in order to avoid any deep UV light absorption. A schematic of the fabricated device is also
shown in Fig. 6(a). A top-view SEM image after the top p-metal deposition is shown in Fig. 6(b).
It is seen that such metal contact can connect the nanowire tops very well. Figure 6(c) shows the
I-V characteristics of AIN nanowire LEDs measured at different temperatures. The device
exhibits excellent current-voltage characteristics. The turn-on voltage is ~ 5.5 V, which is
consistent with the bandgap energy of AIN. Moreover, at 20 A/cm?, the forward voltage is only 7
V, which corresponds to an electrical efficiency ~ 85 % considering the photon energy of ~ 6 eV.
This electrical performance is drastically improved compared to previously reported planar AIN
LEDs [17], which can be largely ascribed to the significantly enhanced Mg-dopant incorporation
in nanowire structures and the resulting efficient impurity band hole conduction. The impurity
band hole conduction is further supported by the nearly temperature-independent resistance
shown in Fig. 6(c).
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Electroluminescence (EL) characteristics at room temperature have been further investigated.
The measurement setup is schematically shown Fig. 7(a). The EL spectra were collected by an
optical fiber. By changing the fibre position EL emission from different angles can be measured.
The 90 degree detection angle (with respective to the x-axis) means the fiber is positioned
directly on the top surface of the device. The EL spectra measured directly from the top surface
under a pulsed bias are shown in Fig. 7(b). A strong emission peak around 207 nm is measured.
There is no shift of the emission wavelength with increasing current, suggesting a robust exciton
emission. The integrated EL intensity is shown in Fig. 7(c). It is seen that the intensity increases
nearly linearly with injection current. The angle dependent EL emission was also measured.
Illustrated in Fig. 7(d), as the detection angle reduces, the EL intensity also decreases, indicating
the light is emitted primarily from the top surface. Light emission in AIN is intrinsically TM
polarized, with the electric field parallel along the nanowire c-axis (E||c), which generally
prevents light extraction from the top surface. In AIN nanowire LEDs, however, the light
extraction from the nanowire top surface, i.e., along the c-axis, can be made possible by
optimizing the nanowire size and spacing, due to the multiple light coupling and scattering
process amongst nanowires [29].
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Figure 7: (a) The schematic of the EL measurement configuration. (b) The EL spectra measured
under different current density from the device top surface (pulsed). (c) The integrated EL
intensity vs. current density from (b). (d) The angle dependent EL intensity.

o
-
N

(=2}
L]

e
o

300 pm x 300 pm

EL Intensity (a.u.)

]

1 mm x 1 mm

o
~

N

Integrated Intensity (a.u.)
o ~
[ ]
Normalized EQE (a.u.)

[ ]
[ ]
190 200 210 220 - 0 20 40 60 80 °0 20 40 60 80
Wavelength (nm) Current Density (A/cm?) Current Density (A/cm?)
(a) (b) ()
Figure 8: (a) The EL spectra of AIN nanowire LEDs measured under different injection currents
at low temperature. (b) The integrated EL intensity vs. the current density. (¢) The normalized
relative EQE vs. the current density for two different devices. The solid lines are fitting curves

by the ABC model.

The low temperature EL emission characteristics have also been studied (at 77 K). lllustrated in
Fig. 8(a) is the EL spectra measured from the device top surface under different injection
currents. It is seen that strong EL peak, centered around 204 nm, is measured. Compared to the
room temperature EL spectra, the peak wavelength is blue-shifted, due to the increased bandgap
energy. In addition, it is noted that the EL peak was also measured below the bandgap voltage (~
6 V), suggesting extremely efficient current injection into the device active region. The
integrated EL intensity vs. the injection current density is shown in Fig. 8(b). It is seen that as the
injection current increases, the light output first increases rapidly, followed by a saturation, and
then a drop. The derived relative external quantum efficiency (EQE, defined by the light output
power divided by the current density) is shown in Fig. 8(c). It is seen that the EQE exhibits a
sharp increase as the injection current increases, followed by a rapid decrease, which is mainly
attributed to the lack of carrier confinement in the active region and the resulting large electron
overflow. This EQE trend can be well simulated by the ABC model. A, B, and C parameters in
the range of 5x10° s, 4x10° cm3s?, and 6x10% cm®s, respectively, were derived. Compared



to InGaN/GaN nanowire LEDs (wherein A is in the range of 10”® s, the A value here is much
smaller. This is due to the smaller surface recombination velocity of AIN compared to InGaN.
The C value, however, is much larger, which is mainly attributed to the electron overflow in the
presented AIN LEDs with a homojunction structure [29].

2.4. Electrically injected AlGaN nanowire lasers operating in the UV-B band

Compared to lasers based on conventional GaN/AlGaN multiple quantum wells, AlGaN
nanowire lasers are much less explored [4, 14, 37-39]. Recently, by exploiting Anderson
localization of light in nearly defect-free AlGaN nanowires grown by MBE, we have
demonstrated electrically injected lasers in the UV-AIl band at 6 K [31]. The threshold current
density is in the range of tens of A/lcm?, which is nearly two to three orders of magnitude lower
compared to the previously reported GaN/AIGaN multiple quantum well lasers in the similar
wavelength range [14]. Moreover, by further increasing Al content, we have demonstrated
electrically injected lasers with AlGaN ternary nanowire in the UV-B and UV-C bands [24, 27,
28].

The electrically injected lasers in the UV-B band are first described [27]. The AlGaN nanowire
laser heterostructures is schematically shown in Fig. 9(a), which consists of GaN:Si (~ 250 nm),
AlGaN:Si (~ 100 nm), AlGaN (~ 100 nm), AlGaN:Mg (~ 100 nm), and GaN:Mg (~ 10 nm)
layers. Such vertically aligned, randomly distributed AlGaN nanowire arrays can lead to strong
photon confinement, due to the Anderson localization of light. The degree of such photon
confinement depends on the nanowire size, spacing, and filling factor. By optimizing these
factors, high Q optical cavities (A ~ 290 nm) can be obtained in spontaneously formed AlGaN
nanowire arrays. Figure 9(b) shows the corresponding electrical field distribution in such AlGaN
nanowire arrays. It is seen that strong light confinement can be achieved, due to such recurrent,
multiple scattering process. Another important factor needs to be considered is the optical
confinement along the nanowire vertical direction, which can be made possible by the inversely
tapered nanowire morphology, i.e., increasing nanowire diameter along the growth direction.
Illustrated in Fig. 9(c), the effective refractive index reaches minimum at nanowire/Si interface,
due to such inversely tapered morphology, thereby greatly minimizing optical loss through the
underlying GaN nanowire template and Si substrate. The optical field profile along the nanowire
vertical direction is also shown in Fig. 9(c). In this calculation, the p-metal layer was also
considered. It is seen that strong optical confinement in the AlGaN active region is clearly
achieved.

The subsequent device fabrication process involves the use of standard photolithography and
contact metallization techniques. The temperature dependent EL spectra are shown in Fig. 9(d).
The emitted light is collected from the nanowire top with a deep UV objective, and detected by a
charge-coupled device (CCD) that is attached to a high-resolution spectrometer. It is seen that at
10 pA (the bottom curve), only a very broad spontaneous emission spectrum is measured. As the
injection current increases, a sharp peak around 289 nm appears (the top curve is at 10 pA). The
integrated EL intensity vs. the injection current is shown in Fig. 9(e). A clear light amplification
is seen, with a clear threshold around 30 pA. As a comparison, the background emission is also
investigated. The black triangles in Fig. 9(e) represent the integrated EL intensity of the boxed
region from Fig. 9(d). It is seen that the background emission remains nearly constant, due to the



clamping of carrier concentration above threshold. In addition, it is noted that a very small
increase of the background emission exists with further increasing current, which is commonly
measured from quantum dot lasers, mainly due to the inhomogeneous broadening and hot carrier
effect [40]. The inset of Fig. 9(e) shows the spectral linewidth vs. the injection current. A
significant reduction in the spectral linewidth is measured at threshold.
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Figure 9: (a) The schematic of the AlGaN nanowire random laser on Si substrate, with each
layer labeled. (b) The simulated optical field distribution at a wavelength of 290 nm for a random
nanowire array cavity. (c) The electric field (left axis) and effective refractive index (right axis)
as a function of the distance from substrate. (d) The EL emission spectra measured under
continuous-wave operation at 10 pA and 80 pA at room temperature. () The integrated EL
intensity vs. the injection current. Blue circles represent the lasing peak. Black triangles denote
the background emission from the box area in Fig. (d) with a linewidth of 2 nm. The inset shows
the EL spectral linewidth vs. the injection current. Dashed lines are guide-for-eye.

The device lasing area is around 10 um?. This gives a threshold current density around 300
Alcm?, which is significantly smaller compared to AlGaN quantum well lasers operating at 336
nm [14]. This low lasing threshold is largely attributed to the discrete density of states associated
with the quantum dot-like nanostructures, the nearly defect-free AIGaN nanowires, and the high
Q-factor of Anderson localization in self-organized nanowire arrays.

2.5. Electrically injected AlGaN nanowire lasers operating in the UV-C band

By further changing alloy composition, such electrically injected AlGaN nanowire lasers can
also be realized in the UV-C band [28]. Illustrated in Fig. 10(a) are the EL spectra measured at
77 K under a continuous-wave biasing. It is seen that as the injection current increases, a sharp
peak centered around 262 nm appears. Shown in Fig. 10(b) are the integrated EL intensity of the
background emission (in black squares, from the boxed region in Fig. 10(a)) and the main peak
(in blue circles). It is seen that as the injection current increases, the intensity of the background
emission only increases slightly. In contrast, the intensity of the main peak exhibits a sharp



rising, indicating a light amplification. The inset of Fig. 10(b) shows the integrated EL intensity
of the main peak in a logarithmic scale, and a clear s-shape, corresponding to linear spontaneous
emission, super-linear amplified spontaneous emission, and linear lasing emission, can be
observed. This provided unambiguous evidence that the main peak is a lasing peak. The
threshold current density is only 200 A/cm?, which is larger compared to the previously
discussed AlGaN nanowire lasers in the UV-A band, but is significantly smaller compared to
AlGaN quantum well lasers at 336 nm. Figure. 10(c) shows the linewidth reduction from 1.2 nm
to 0.3 nm near the threshold. Figure 10(d) shows that the lasing peak remains highly stable above
the threshold with no obvious wavelength shift.
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Figure 10: (a) The EL spectra of an AlGaN nanowire laser operating at 262 nm. The
measurement is performed at 77 K under a continuous wavelength operation. (b) The integrated
EL intensity vs. the injection current. Blue circles represent the lasing peak. Black squares
denote the background emission from the box area in (a) with a linewidth of 0.3 nm. The inset
shows the plot in a logarithmic scale. (c) and (d) Linewidth and peak wavelength vs. current
density, respectively.

Room-temperature electrically injected AlGaN nanowire lasers operating at 239 nm have been
further demonstrated [24]. The emission spectra of a 239 nm AlGaN nanowire laser device
measured at room temperature are shown in Fig. 11(a). The light emission is collected by a deep
UV objective from the device top surface, spectrally resolved by a high-resolution spectrometer
and detected by a CCD camera. It is seen that under a low injection current, only a very broad
emission spectrum is measured. With the increase of injection current, a sharp peak centered at
239 nm appears. The light intensity vs. injection current is shown in Fig. 11(b), which exhibits a
distinct lasing threshold at 0.35 mA. Figure 11 (c) shows the linewidth reduction from 1.7 nm to
0.9 nm near the threshold. A non-lasing cavity mode (~267 nm) is also analyzed. As can be seen
in Fig. 11(b), its intensity stays nearly constant above the threshold, further supporting the lasing
at 239 nm.
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