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ABSTRACT

Unprecedented high-temperature operational stability of interfacial silicide-free ultraviolet-A multiple-quantumdisk AlGaN nanowire-based light-emitting diodes on metal is achieved and investigated. Reasonable variations in device operational parameters across a wide range of temperatures demonstrate the high quality of
the layer interfaces and efficient carrier injection. We previously presented ultraviolet-A quantum-confined
Alx Ga1−x N/Aly Ga1−y N nanowire-based light-emitting diodes and studied their steady-state electro- and photoluminescent characteristics at room temperature [Priante et al., Opt. Mater. Express 7(12), 4214 (2017)]. Herein,
we significantly expand the scope of our previous work by investigating the operational stability of the device
across a wide range of temperatures (−50–100 ◦ C) with conformal parylene-C deposition, forming a nanowire
forest as a polymer/nanowire three-dimensional composite material. This work constitutes part of a larger study
into the operational stability of ultraviolet light-emitting diode chemical sensors at a wide range of temperatures
for operation in harsh environments such as in downhole oil exploration.
Keywords: Ultraviolet-A, Alx Ga1−x N, nanowire-based LEDs, QDisks, high-temperature operation, stability,
downhole sensing.

1. INTRODUCTION
In recent years, the heterogeneous integration of a variety of inorganic materials for fabricating electronic and
optoelectronic devices on sapphire1, 2 and silicon (Si)3–8 has shown clear promise in reshaping the future of the
electronics industry. Additionally, the high thermal and chemical stability of the group III–nitride material
system indicates its potential application in harsh environments in comparison to conventional silicon-based optoelectronic devices, which have limited operating temperature range and require extra protective packaging.9, 10
Ultraviolet (UV)-emitting group III–nitride materials show promising potential for a variety of multifunctional
applications, including solid-state lighting technology,11 water purification,12 and possibly downhole photosensing.13 With the wide range of wavelength tunability available to these materials, the most promising germicidal
UV devices are based on aluminum gallium nitride and its alloys (Alx Ga1−x N, where 0 < x ≤ 1), and one of
the most critical applications of Alx Ga1−x N-based nanowire devices is water sterilization, particularly in highly
water-stressed countries.14 Moreover, the field of downhole photonics has progressed steadily since it emerged in
the late 1980s, and UV sensors, combined with optical density measurements, are crucial for the classification of
oil samples. Methods for discriminating between oil samples are dependent on the optical absorption spectrum
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of all crude oils in the visible and near-infrared range (and in the ultraviolet range when desired),15 which can
be discerned through optical density measurements using13
OD = CeγEν ,

(1)

where OD is the optical density, C is a crude oil identification constant, γ is an exponential decay value (in
cm), which is fairly constant for different spectra, and Eν is the photon energy in wavenumbers (cm−1 ). Such
applications require highly stable UV devices suitable for use in high-temperature and otherwise harsh environments.13, 16, 17 We have previously grown and fabricated UV-A quantum-confined Alx Ga1−x N/Aly Ga1−y N
nanowire-based light-emitting diodes (LEDs) and examined their steady-state electro- and photoluminescent
characteristics at room temperature.18, 19 Here, we expand the scope of that work by investigating the operational
stability of the device across a wide range of operation temperatures (T ), namely −50–100 ◦ C, electromechanically supported by a conformal parylene-C planarization layer, forming a nanowire forest as a polymer/nanowire
three-dimensional (3D) composite material.

2. NANOWIRE GROWTH AND DEVICE FABRICATION
Figure 1(a) shows the schematic structure of the UV-A quantum-confined Alx Ga1−x N/Aly Ga1−y N nanowires.
The scanning electron microscopy (SEM) images in Figure 1(b) demonstrate that the nanowires were highly
uniform and aligned along the vertical c-axis, while the transmission electron microscopy (TEM) image in
Figure 1(c) shows a high-resolution cross-sectional image of an ensemble of the epitaxially grown nanowires.

Figure 1. (a) The schematic structure of the UV-A quantum-confined Alx Ga1−x N (3 nm)/Aly Ga1−y N (4 nm) nanowires,
with the growth direction normal to the substrate along the c-axis. (b) A cross-sectional SEM image (inset: a plan-view
SEM image of an ensemble of nanowires). (c) A cross-sectional TEM image. The nanowire density is approximately
7.8 × 109 cm−2 .

2.1 Epitaxial growth
After cleaning with acetone, isopropyl alcohol (IPA), and 20% hydrofluoric acid (HF), a diffusion barrier of
tantalum nitride (TaN) about 20 nm thick was deposited on (100)-oriented Si substrates (resistivity ρ = 10−1
Ω·cm) using atomic layer deposition (ALD) at 300 ◦ C, followed by deposition of a layer of titanium (Ti) approximately 80 nm thick using an electron-beam physical vapor deposition (EBPVD) system. The Ta precursor
was purged with argon (Ar) and hydrogen (H2 ) plasma (flow rates of 200 and 50 sccm, respectively). The
Ti/TaN/Si template was then outgassed in a plasma-assisted molecular beam epitaxy (PA-MBE) system load
lock at 200 ◦ C for one hour, followed by a second outgassing process in the system buffer chamber at 600 ◦ C
for two hours, to remove moisture and molecular adsorption in preparation for the subsequent nanowire growth.
The n-type GaN seeds were initiated at a substrate temperature of 485 ◦ C for ten minutes to reduce adatom
desorption and enhance the probability of nucleation. The Ga beam equivalent pressure (BEP) was 6.2 × 10−8
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Torr, the Si effusion cell was kept at 1165 ◦ C, and the high-brightness nitrogen (N) plasma was sustained using
radio frequency (RF) power of 350 W at a 1-sccm flow rate. A second nucleation step at 585 ◦ C lasting 20
minutes was employed to improve the GaN crystal quality. In total, n-type GaN layers averaging about 100 nm
in thickness were grown, as verified via TEM imaging. The temperature was then elevated to 640 ◦ C to grow a
50-nm-thick n-type AlGaN bottom barrier layer. We estimated the nominal Al atomic concentration from the
ratio of the Al BEP compared to the Ga BEP. A nanowire active region was created by stacking ten repetitions
of alternating Alx Ga1−x N quantum disks (QDisks, synthesized at Al and Ga BEPs of 0.75 × 10−8 Torr) and
Aly Ga1−y N quantum barriers (QBs, synthesized at Al and Ga BEPs of 1.5 × 10−8 Torr), where x < y, grown at
640 ◦ C, and with thicknesses of 3 nm and 4 nm, respectively. The approximately 50-nm-thick p-type top-contact
AlGaN cap layer was then grown at 620 ◦ C for 60 minutes at Al and Ga BEP values of 1.5 × 10−8 and 2 × 10−8
Torr, respectively, while the magnesium (Mg) cell temperature was kept at 440 ◦ C with the same N plasma
conditions. An additional highly doped layer of AlGaN (p + -AlGaN) was grown atop the p-type AlGaN layer
by increasing the Mg cell temperature to 450 ◦ C and reducing the growth temperature to 580 ◦ C, resulting in
a p + -AlGaN/p-AlGaN combined thickness of about 70 nm. We note that a narrower-bandgap p + -GaN contact
layer was not included in the design because such a layer may increase the UV optical absorption and decrease
the efficiency of light extraction.20, 21

2.2 Device fabrication
The UV-A nanowire-based LEDs were fabricated using standard UV contact lithography techniques. The grown
nanowire samples were immersed in 20% HF to remove native oxide immediately before nickel (Ni)/gold (Au)
(5 nm/5 nm) blanket-evaporation and one minute of rapid thermal processing (RTP). Further evaporation of
Ni/Au (10 nm/400 nm) was carried out to define contact fingers and probe pads using photoresist and UV
contact lithography, implemented via the metal-lift-off technique. Finally, the Si back-surface was etched away
by around 200 nm using inductively coupled plasma reactive-ion etching (ICP-RIE; gas flow rates: SF6 at 15
sccm; RF power of 50 W; ICP power of 500 W; and pressure of 10 mTorr) in preparation for forming the bottom
n-type contact electrodes, Ti/Au (10 nm/150 nm).

3. DEVICE CHARACTERIZATION
3.1 Optical and electrical characterization
Figure 2(a) shows the electroluminescence spectra (χEL ) for an ensemble of the UV-A quantum-confined nanowirebased LEDs at various temperatures from −50 ◦ C to 100 ◦ C. Figure 2(b) plots the evolution of the full spectral
width at half maximum (FWHM) and the peak wavelength of emission (λpeak ) with increasing temperature.
FWHM values varied between 22 nm and 26 nm, increasing gradually as the temperature rose from −50 ◦ C
to 100 ◦ C, while λpeak values varied between 321 nm and 326 nm, demonstrating strong and unprecedented
operational stability across this wide range of operating temperatures.
Figure 3(a) shows the measured injection current density–applied forward voltage (J–VF ) curves for parylenefree and planarized LED samples between −50 ◦ C and 100 ◦ C, whereas Figure 3(b) displays semilogarithmic
J–VF curves at 100 ◦ C. The evolution of the sub-turn-on voltage (VON ) and onset current density (JON ) across
the same range of temperatures is shown in Figure 4(a) for both LEDs. VON values for the planarized LED
decreased almost linearly from 9.28 V at −50 ◦ C to 5.75 V at 100 ◦ C as a result of bandgap shrinkage with
increasing temperature, which is described by the Varshni equation:22
Eg (T ) = Eg (0) −

αT 2
,
T +β

(2)

where Eg (0) is the band gap of an Alx Ga1−x N alloy at T = 0 K; α is an empirical constant (i.e., Varshni
coefficient), and β is the Debye temperature.
Figure 5(a) shows the extracted ideality factor values, which were derived from the slopes of the semilogarithmic J–VF curves at low VF values, whereas Figure 5(b) depicts the extracted series resistance (Rs ) values,
which were extracted using linear fits of the linear-scale curves at high injection current levels.3 The ideal p–n
junction diode equation is23
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Figure 2. (a) Semilogarithmic scale χEL for parylene-free Alx Ga1−x N/Aly Ga1−y N nanowire-based UV-A LED at various
temperatures. (b) FWHM and λpeak evolution with temperature.
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Figure 3. (a) Measured J–VF curves for parylene-free and planarized Alx Ga1−x N/Aly Ga1−y N nanowire-based UV-A LEDs
at different temperatures prior to parylene-C deposition. (b) Semilogarithmic J–VF curves at 100 ◦ C for the parylene-free
and planarized LEDs.

qVF

J = J0 (e nkT − 1),

(3)

where I0 is the saturation current density, q is the elementary charge, n is the ideality factor, and k is the
Boltzmann constant. For VF > ` kT
q , where ` is a multiplier designating a safe thermal voltage value yielding a
simplified J–VF relation (for ` = 3, this yields about 60–100 mV within our operation temperature range), the
qVF
exponential term dominates as J → J0 e nkT and equation (3) can be reduced to
qVF

J = J0 e nkT ,

for VF > `

kT
.
q

(4)

In an ideal p–n junction diode, n = 1 as the carrier recombination is determined by minority carriers through
Shockley–Read–Hall (SRH) and band-to-band recombination processes.24 We extracted n values from each J–VF
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Figure 4. Evolution of (a) VON and (b) JON values with increasing temperature for parylene-free and planarized LEDs.

curve using linear fitting, where the slope (mθ ) is equal to
T ∈ [−50, 100]) as follows:

q
nkT

at VF values between 150 and 900 mV (` > 5 for

q
VF ,
(5)
nkT
exemplifying an ideal p–n junction diode J–VF characteristic theory predicting a VF > 0 semilogarithmic plot
q
with a linear region slope of kT
and an extrapolated intercept of ln(J0 ).23
ln(J) = ln(J0 ) +

As observed in Figure 5(a), n values for the planarized and parylene-free LEDs are generally close in value.
The parylene-free LED sample exhibited an n value at 100 ◦ C that was 18.17% higher than that of the planarized
sample at the same temperature. The planarized LED sample showed a pronounced decreasing linear trendline
as the temperature increased from −50 ◦ C to 100 ◦ C, while the trend curve for the parylene-free LED n values
exhibited monotonic wave-like behavior, suggesting the activation of non-radiative recombination channels at
temperatures higher than 0 ◦ C induced by surface defect states, assuming that the non-radiative recombination
centers are predominantly thermally inert at −50 ◦ C.

3.2 Discussion
The planarized LED sample exhibited lower VON values above 0 ◦ C. This behavior indicates the significant
absence of interface charges resulting from silicide-induced interfacial reactions. Notably, we achieved a considerable increase in J up to 140 A/cm2 at a VF = 11 V at room temperature compared to our previous report,
where we achieved injection current densities of up to 90 A/cm2 at the same conditions.18 Also, as can be seen in
Figure 4(b), the planarized LED sample showed significantly enhanced JON values across the entire temperature
range (11.50% worst-case enhancement at −25 ◦ C and 25 ◦ C and 39.30% best-case enhancement at −50 ◦ C).
The enhancement in JON at 100 ◦ C was about 13.10%. We attribute this improvement in device performance
to the mechanical scaffolding of contact layers and passivation of surface energy defect states provided by the
parylene-C planarization layer, which presumably suppressed parasitic harmonics and dangling bonds, thereby
decreasing the total harmonic distortion and diminishing Fermi level pinning, respectively, thus demonstrating
enhanced electroluminescent cooling characteristics.25–27 The wide depletion layer region caused by Fermi level
pinning results in a reduction in the free electron density near the semiconductor nanowire surfaces, thereby increasing the non-radiative recombination in the active regions and adversely affecting its quantum efficiency.3, 28
As confirmation, we observed a maximum J value of about 100 A/cm2 at VF = 11 V at room temperature from
the J–VF measurements on the parylene-free LED sample (compared to 140 A/cm2 in the planarized sample, as
reported earlier). Parylene-C is known to significantly suppress UV emission below 280 nm.29
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Figure 5. Evolution of (a) n and (b) Rs values with increasing temperature for parylene-free and planarized LEDs.

As can be seen in Figure 5(a), n values are relatively very high for the planarized and parylene-free LEDs,
which we attribute to the high density of surface defect states exhibited by both devices. Nevertheless, the
parylene-free LED exhibited more pronounced deviation from an ideal p–n junction diode behavior for T > 25
◦
C than did the planarized LED. The former exhibited n values that were 11.08%, 13.87%, 10.52%, and 18.17%
higher than that of the planarized sample at 25, 50, 75, and 100 ◦ C, respectively. We conjecture that the thermal
energizing of surface defect states at temperatures higher than 0 ◦ C resulted in these significant differences in
n values because the planarized LED is less prone to surface defects, a fact that may be attributable to the
effectiveness of the nanowire surface passivation provided by the parylene-C layer.30 The Rs values for both
LEDs as depicted in Figure 5(b) show that the planarized LED enjoys significantly lower Rs values across all
operation temperatures, with a best-case reduction in Rs value of 46.68% at −25 ◦ C and worst-case reduction
of 27.00% at 75 ◦ C. Using the ABC model, we previously confirmed that SRH recombination (A coefficient)
dominates the carrier recombination processes at low J levels.19 Therefore, non-radiative recombination processes
affect the device performance at low injection current levels, while radiative recombination processes dominate at
higher injection levels. Because Rs values were extracted from the LED J–VF curves at high J values, the adverse
effects of surface states (resembling non-radiative carrier recombination centers) are less pronounced. Lower Rs
values of the planarized LED confirm the improved performance attributed to the parylene-C treatment of the
sample. However, surface defect states cause less sharp turn-on characteristics because they attract carriers,
preventing them from recombining radiatively. The various effects of surface defect states must be studied in
more detail to establish plausible assumptions and verify our conjectures.

4. CONCLUDING REMARKS
In summary, we achieved enhanced performance of UV-A multiple-quantum-disk AlGaN-based nanowire LEDs
on metal after parylene-C planarization, and we investigated the operational stability of the devices across a
wide range of temperatures as would be experienced in harsh-environment operation, such as downhole photosensing. Our planarized LEDs showed a 1.4-times improvement in room-temperature injection current densities
compared to the parylene-free LEDs. Planarized LED devices were shown to be highly stable across a wide
range of operating temperatures and therefore suitable for operation in high temperatures and harsh environments. Furthermore, parylene-C planarized LEDs showed consistently higher onset current density values than
parylene-free LEDs. Plans for future work include performing more temperature-dependent investigations to
calculate internal and external quantum efficiencies of the device.
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