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Luminescence characterizations of freestanding bulk single
crystalline aluminum nitride towards optoelectronic application

Freestanding wurtzite aluminum nitride (AIN) bulk single crystals
(BSCs) with size up to 22 cm were massively grown. The crystals
exhibit both near band edge luminescence at deep UV region and
defect related white light luminescence.
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Herein, freestanding wurtzite aluminum nitride (AIN) bulk single
crystals (BSCs) were massively grown on a tungsten substrate
using a two-heater physical vapor transport (th-PVT) method. The
growth was along the c-axis of the hexagonal lattice with the crys-
tal scales in the millimeter level. Cathodoluminescence (CL) mea-
surement was performed on the AIN BSCs. The CL spectra showed
both near band edge emission at 6.02 eV and defect-related emis-
sions at around 4.60 eV (V,) and 3.30 eV (Vo-O complex). More-
over, an electroluminescence (EL) device with a sandwich struc-
ture of Au-AIN-W was fabricated and characterized. This EL device
demonstrated an asymmetric current-voltage curve and white
light luminescence with high color quality under high bias. They
were attributed to different non-ohmic contacts at the metal-
semiconductor interfaces and intrinsic defect-related energy
states. This study aims at the pioneering exploration of the appli-
cation of freestanding AIN BSCs in optoelectronic devices.

Introduction

Wurtzite aluminum nitride (AIN) is a promising material for a
wide range of applications due to its excellent material proper-
ties. It is a good buffer layer material for the epitaxial growth of
III nitride semiconductors, such as gallium nitride, due to its
material compatibility."” Moreover, AIN is very adaptable to ra-
diation-resistant, high power, high frequency, and high
temperature-resistant electronic devices due to its high carrier
saturation velocity, thermal and physical stability, and thermal
conductivity.>* Additionally, AIN can be applied in surface
acoustic wave and field emission devices because of its good pi-
ezoelectric property and negative electron affinity.>™® In the last
decade, intense interest has emerged in AIN for its huge appli-
cation potential in deep-UV optoelectronic devices, ie. light-
emitting diodes (LEDs) and photodetectors, due to its wide di-
rect electronic band gap of above 6 eV.”'° In 2006, Yoshitaka
Taniyasu et al. reported an LED with an emission wavelength
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of 210 nm using an epitaxially grown AIN film."" Recently, in
2015, S. Zhao et al. reported LEDs of 210 nm emission using
epitaxially grown AIN nanowires.'”> These studies prove that
AIN is a good material candidate to address the challenge for
compact, stable, and solid deep-UV light sources.'®'® On the
other hand, various deep-UV photodetectors including photo-
conductors, photodiodes, and avalanche diodes, which exhibit
different merits based on their own device configurations,
based on AIN have been demonstrated.'*>°

Despite all progresses, deep-UV optoelectronic devices based
on AlN are yet to thrive because of the difficulty to grow high-
quality AIN crystals.”"** It is worth noting that most of the
reported optoelectronic devices based on AlN rely on either epi-
taxially grown AIN films or AIN nanostructures such as a single
nanorod.'* The former need expensive and delicate technolo-
gies and the latter are unsuitable for massive production.
Therefore, to grow them on a large size, an economical and
facile method to produce freestanding and high-quality AIN
bulk single crystals (BSCs) is desired by both scientific and in-
dustrial community. In this field, the mainstream technology is
physical vapor transport (PVT).**"?*?* Using this technology
AIN wafers of 2-inch diameter sliced from AIN boules with
85% of the area being single crystalline have been reported
as the scale record nowadays.>® In this report, free-
standing wurtzite AIN BSCs with sizes in millimeter level
were grown using the PVT method. Temperature-dependent
cathodoluminescence (CL) characterization was performed
on these crystals; the results demonstrated that they
exhibited both band edge and non-band edge emissions. A
simple device with a structure of Au-AIN-W was fabricated to
characterize the electroluminescence (EL) property of the
crystal.

Experimental

AIN BSCs were grown on tungsten substrates in a PVT furnace
with two resistive heaters (th-PVT). CL spectra were obtained
using an electron beam gun with an acceleration voltage of 15
kv and an emission current of 180 mA (Orsay Physics Eclipse

This journal is © The Royal Society of Chemistry 2017
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FEB Column). The temperature was controlled by a cryostat  gram was calculated using a ColorCalculator software (version
from 8 K to 300 K. All setup was installed in an ultrahigh vac-  5.27) from Osram Sylvania Inc.

uum chamber (RHK technology). The emission spectra were

obtained via a combination of a 320 mm focal-length mono- Results and discussions

chromator (Horiba Jobin Yvon iHR320) equipped with 1200

grooves per mm gratings with a spectral resolution of 0.06 nm  Fig. 1(a) shows the schematic of the configuration of the th-
and a cooled photomultiplier tube. X-ray photoelectron spectro- ~ PVT furnace. The top heater is attached to the crucible and
scopy (XPS) measurement was performed using a Thermofisher ~ the main heater is attached to the substrate. Thus, the tem-
Microlab 350 instrument. EL measurement was carried out  perature discrepancy between material source and substrate
using a combination of a probe station via a Keithley 42000-  is adjustable to maximize the crystal size, improve the crystal-
SCS and an Ocean Optic QE pro spectrometer. The metal-semi-  linity, and control the lattice orientation. Fig. 1(b) demon-
conductor-metal sample was fabricated by thermally evaporat-  strates the temperature variation trends of the crucible and
ing a gold electrode on top of the as-grown hexagonal AIN crys-  the substrate during the growth process. The peculiar feature
tals through a shadow mask. PL measurement under excitation  of this process is that at the beginning, the substrate is
at 177.5 nm was performed via a mode-locked frequency qua-  heated to a higher temperature than the crucible to prevent
drupled Ti-sapphire laser (177.5 nm) with the power of 0.13  random nucleation. This stage is necessary to gain BSCs with
mW as an excitation source. The pulse width and repetition  a large size. Fig. 1(c) shows the image of some AIN BSCs with
rate were 100 fs and 76 MHz, respectively. The emission spectra  diameters of 1-5 mm and thicknesses of 1-2 mm. Their lat-
were obtained using the same instrument of the CL measure- tice growth orientation is along the c-axis; this forms a hexag-
ment. PL measurement under excitation at 405 nm was  onal facade. The inset in Fig. 1(c) shows the largest obtained
performed via a continuous laser (405 nm) with the power of  AIN BSC with a diameter of 22 mm. The X-ray diffraction pat-
~30 mW and the Ocean Optic QE pro spectrometer. The color  tern in Fig. 1(d) shows that only (0002) plane can be per-
coordinate of the EL spectrum in 1931 CIE chromaticity dia- ceived in parallel with the substrate, verifying the single
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Fig. 1 (a) Schematic of the configuration of the customized th-PVT furnace. (b) Temperature variation trends of the crucible and the substrate
during the growth process of AIN BSCs. The line with square dots represents the temperature of the crucible. The line with circle dots represents
the temperature of the substrate. Patterned areas represent different growth stages as indicated. (c) Image of the freestanding AIN bulk single crys-
tals with different sizes. The inset shows the image of the largest AIN bulk single crystal with a diameter of about 22 mm. (d) X-ray diffraction pat-
tern of an AIN crystal. The upper inset is the lattice structure of wurtzite AIN. The lower inset is the low magnification scanning electron micros-
copy image of a typical AIN crystal with a hexagonal facade, with a scale bar of 1 mm.
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crystal structure as well as the c-axis growth orientation.”?
The lower inset in Fig. 1(d) shows the low magnification
scanning electron microscopy image of a crystal. The appear-
ance of the crystal matches well with the lattice structure of
wurtzite AIN, as shown in the upper inset in Fig. 1(d).

Thereafter, temperature-dependent CL measurement on
the AIN BSCs was carried out. The temperature was continu-
ously increased from 8 K to 300 K. Fig. 2(a) shows the CL
spectra in the deep-UV region. From the spectrum obtained
at 8 K, a dominant peak at 206 nm (6.02 eV) with a shoulder
at 208 nm (5.96 eV) can be resolved on a logarithm scale. The
dominant peak can be clearly seen under all temperature
conditions, and the shoulder diminishes with the increase
of temperature. They both show red-shift with the increas-
ing temperature. It is well known the valence band of
wurtzite AIN near the I' point splits into three bands:
I'7vbm (A), I'9v (B), and I'7v (C), in terms of transition energy
increasing.”**° Considering its consistent existence, the
dominant emission at 206 nm can be assigned to a free
A-exciton (FX) transition. The shoulder at 208 nm, which is
57 meV lower than the dominant line, can be identified as a
donor bound exciton (I,) transition.>”>°*' The intensity of
the I, transition decreases with the increasing temperature
because the donor bound excitons dissociate at high temper-
atures.”” The decrease of FX transition intensity with the
increase of temperature can be attributed to the increase in
nonradiative recombination.>® It has been reported that the
temperature dependence of band edge free exciton energy in
AIN is well-described by an equation:*°

a
b

el -1

E(T)=E,~-

The free exciton energy E(T) decreases with the increasing
temperature; this is consistent with the red-shift of the emis-
sions shown in Fig. 2(a). It is noticed that the B- and
C-exciton transition emissions are not distinguishable in the
spectra perhaps because of the high fraction of FX transi-
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tion.>® To gain more insight into the crystallinity of the AIN
BSCs, the CL spectra at 8 K and 300 K were obtained in the
visible region and are shown in Fig. 2(b). Besides near band
edge emissions analyzed above, two extra emissions at longer
wavelengths covering broad range were found in both spec-
tra. Their peak positions at about 4.60 eV and 3.30 eV can be
attributed to defect related luminescence of V,; and V,-O
complex, respectively.”>>" Especially, the broad coverages of
the emission bands imply that more defect related energy
states, such as V,-shallow donor, are involved.**

Furthermore, X-ray photoelectron spectroscopy (XPS) was
used to probe the elemental composition in AIN BSCs. The
XPS patterns were demonstrated in Fig. 3(a). It clearly shows
that besides Al and N elements, an appreciable O element ex-
ists in the crystals, which should be responsible for the de-
fects of On. Additionally, the atomic ratio of Al and N ele-
ments is supposed to be 1 in a perfect AIN crystal.
Quantitative analysis of the XPS data revealed an atomic
amount shortage of 7.3% for the Al element. This implies the
existence of defects of V,;, which is consistent with the
abovementioned CL emission result in near-UV-visible re-
gion. Moreover, the defect-related CL spectrum at 8 K was
deconvoluted into five emission lines using partial Gaussian
functions, as shown in Fig. 3(b). According to the litera-
ture,”**! every line can be assigned to a specific defect-
related energy transition, as shown in Table 1. It is noticed
that in Fig. 2(b), the CL spectrum in the visible region shifts
to higher energy in the temperature range from 8 K to 300 K.
The reason can be speculated based on the deconvolution re-
sults. Emissions related to different defect states experience
different influences from temperature. With the increase of
temperature, the proportion of emissions related to CB-Vy/
Va-O complex transitions may become larger in the overall
emissions; this induces a blue-shift of the whole spectrum.
More studies are needed to address this issue.

A device with the sandwich structure Au-AIN-W was fabri-
cated by depositing a gold electrode on top of a crystal grown
on a tungsten substrate. The device configuration is presented
in the schematic illustration in the left inset in Fig. 4(a).
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Fig. 2 (a) Temperature-dependent cathodoluminescence spectra of AIN bulk single crystals in deep-UV region. (b) Cryogenic and room tempera-
ture cathodoluminescence spectra of AIN bulk single crystals in UV and visible regions.
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Fig. 3
at 8 K and the results of its deconvolution.

Table 1 The assignment of the broken lines of the deconvoluted CL

spectrum of AIN BSCs at 8 K (Fig. 3(b)) to the defect related transitions

Line  Peak position (nm)  Energy (eV)  Attribution

A 270 4.59 CB — V>~

B 340 3.65 CB — (Va-On)*~

C 366 3.39 CB — (VA-On)

D 393 3.16 CB — (VA—20y)

E 418 2.96 Var ¥ /(Va-20y) — VB

Fig. 4(a) also shows the current-voltage (I-V) characterization
with a bias applied to the W electrode. The nonlinear and
asymmetric I-V curve indicates that both Au-AIN and W-AIN
interfaces form non-ohmic contacts with different bar-
riers,' 1617192024 Among them, the W-AIN interface should be
a Schottky contact considering that AIN has been grown di-
rectly on the W substrate. As for the Au-AIN side, either a

Wavelength (nm)

(a) X-ray photoelectron patterns of AIN BSCs showing the binding energies of Al 2p, Al 2s, N 1s and O 1s. (b) The CL spectrum of AIN BSCs

Schottky barrier or a thin layer of Al,O; grown on AIN surface is
responsible for the parasitic resistance.>**> Moreover, it was
found that the Au-AIN-W device emitted white light under
electrical bias, and the luminescence intensity increased with
the increasing bias. The right inset in Fig. 4(a) shows that the
device has a strong luminescence of white light under 60 V
bias, and the spectrum is demonstrated in Fig. 4(b). Due to the
limitation of the instruments, only defect-related luminescence
in 250-1000 nm range was measured. The emission covers a
wide range, indicating an abundant existence of deep and shal-
low energy states in the band gap.*® Additionally, PL measure-
ments with an excitation laser of 177.5 nm and 405 nm at room
temperature were carried out on the AIN crystal. Fig. 4(b) dem-
onstrates the PL spectra and the EL spectrum in the same
frame for comparison. These two PL spectra cover different
wavelength regions, but both are included in the EL. It is well-
known that luminescence originates from the recombination
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(a) Current-voltage curve of the Au-AIN-W device. The left inset shows the schematic of the sandwich device structure. The right inset

shows the image of EL under 60 V bias. (b) The EL spectrum under 60 V bias (solid line), PL spectra excited by 405 nm (dash line) and 177.5 nm
(dot line) of AIN crystals. The inset shows the color coordinates of the EL spectrum in CIE 1931 chromaticity diagram.
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of carriers or the relaxation of excitons at these defect-related
energy states, conduction band, and valence bands. Excitons
generated by 177.5 nm lasers are at the highest energy state.
Their relaxation emits light covering the band edge and all
defect-related state emissions with more short wavelength com-
position. In contrast, under excitation at 405 nm, only excitons
at defect-related low energy states can be generated. Their relax-
ation emits light with a long wavelength. This is consistent
with previous reports."®** On the other hand, a high voltage
bias can inject sufficient carries for all energy states and thus
lead to all possible emissions.

Even though the defect-related luminescence is not favor-
able for the application of AIN crystals in the deep-UV field, it
is worthy to note that the EL herein has a very high color qual-
ity. The color coordinate of the EL spectrum in 1931 CIE chro-
maticity diagram was calculated to be (0.33, 0.34), as shown in
the inset of Fig. 4(b). The coordinate locates at the black body
line with the correlated color temperature (CCT) at about 6500
K. Moreover, its color rendering index (CRI) was calculated to
be about 97, which is very high in the illumination field.**?*’
Notice that the traditional white light sources are based on ei-
ther the combination of three primary color LEDs or the blue
LED-exciting fluorescent powder. Thus, compared to these two
indirect white light luminescence methods, the AIN crystals
with the abovementioned EL property provide an alternative so-
lution to create compact and solid-state white light sources."?
This benefits from the wide band gap of AIN, which can accom-
modate plenty of energy states. An elaborate control on the de-
fect and impurity energy states may provide more possibilities
in the EL property.

Conclusions

Freestanding wurtzite AIN BSCs with the size of up to 22 mm
were grown using the th-PVT method. Temperature-
dependent CL characterization shows that the AIN crystal has
a good near band edge emission at 6.02 eV, revealing its ap-
plication potential in deep-UV optoelectronic devices. Further
investigation through EL and PL measurements demon-
strates that the crystallinity of the AIN crystal has yet to be
satisfactory as the defect-related energy states exist across the
band gap. On the other hand, the high color quality of the
defect-related luminescence, which originates from the uni-
versal existence of energy states in the forbidden band, paves
a new path towards compact and solid white light LED.
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