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Cubic phase (zinc-blende) GaN (referred as c-GaN)-based phosphor-free white light emitting diodes
(LEDs) can exhibit superior characteristics and ultrahigh efficiency compared with conditional
hexagonal phase (wurtzite) GaN (referred as h-GaN)-based. However, one notorious issue is low
quality of c-GaN due to thermodynamical instability of cubic phase, epilayer-substrate chemical
incompatibility, and large lattice-mismatch during epitaxial deposition, giving rise to insufficient
light emission efficiency. Therefore, improving quality of c-GaN is a key step towards high
performance white LEDs. Here, we report the growth of high quality single crystalline GaN
microcubes (MCs) with pure zinc-blende phase for large scale production by chemical vapor
deposition method. From the GaN MCs, high-performance yellow luminescence (YL) is observed by
different temperature photoluminescence spectra and the possible origin of the YL band is
investigated. Furthermore, the fabricated phosphor-free single homojunction based on individual
GaN MCs showed a diode nonlinear rectification behavior and the electroluminescence exhibited
white emission when the operating voltage is 12 V. At room temperature, due to the reduction of
threading dislocation density and the absence of piezoelectric polarization of the zinc-blend phase
GaN, the device can exhibits an internal quantum efficiency of ~99.2% and virtually no efficiency
droop as the injection current increases as well as an output power of ~4.4 mW for a typical
operating current of 20 mA, which is approximately 50% stronger than that of conventional h-GaN

homojunction LED.
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Introduction

As one of the most rapidly evolving branches of solid-state lighting technologies, LEDs are gradually
replacing conventional lighting sources due to their advantages in energy saving and environmental
protection'®. At the present time, commercially available white LEDs are predominantly either
rare-earth or inorganic-organic hybrid phosphor based®. However, the efficiency of this kind of white
LED decreases rapidly as the phosphor used to convert blue to orange wavelength usually has a short
lifetime and further the long-term reliability of the phosphors are additional detrimental factors™ °. So,
the top priority is development of all semiconductor-based large scale phosphor-free white LEDs that
can exhibit ultrahigh efficiency, long-term reliability and tunable color emission’ 2. In particular, most
of phosphor-free white LEDs are based on nitride binaries and nitrogenous ternary alloys
semiconductors” 31, Among those nitride semiconductor materials such as GaN, AIN, BN, InGaN and
AlGaN, GaN is the most promising candidate for use as functional building blocks in the efficient
phosphor-free white LEDs due to its large band-gap, high optical absorption coefficient, high electron
mobility, and low dielectric constant'®"®,

As we know, conventional GaN materials are hexagonal phase and possess very high polarization fields
(~MV/cm) along the common growth direction of <001>. Such large polarization fields lead to
undesired shifts such as wavelength and current in the performance of photonic and vertical transport
electronic devices'® "', The polarization effects can be eliminated by growing wurtzite nitride layers
that their orientations include a-plane or m-plane of h-GaN. However, this is not very easy and their
quality is still not excellent”* . As a result, reduction of this built-in polar field is the main motivation
for growing and studying c-GaN which is polarization-free along the common growth direction of
c-axis™ **?®, In recent years, cubic phase of GaN has been observed to form when grown on cubic
substrates like GaAs or A120329'32. However, due to the metastable nature of the cubic phase,
epilayer-substrate chemical incompatibility and large lattice-mismatch make it difficult to grow pure
c-GaN, the h-GaN composition frequently appeared in the growing c-GaN micro/nanostructure® >>=>,
Meanwhile, the low throughput or high cost associated with the techniques such as the molecular beam
epitaxy’', the hydride vapor phase epitaxy’, and metalorganic chemical vapor deposition®’, limits the
large-scale industrial production with inexpensive.

In this letter, in view of potential applications in optoelectronic devices, availability of cleavage and the
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relatively low-cost of large diameter Si wafers, Si [(111) and (101)] is an interesting substrate to
consider for GaN growth. Here, we report the growth of stress-free c-GaN MCs with 100% yield on Si
(111) substrate by chemical vapor deposition (CVD), and the possible growth mechanism of the GaN
MCs is discussed. Additional the optical investigations reveal high yellow-band emission performance
from MCs, suggesting the potential application in luminescent devices. Based on as-obtained individual
GaN MCs, we have further developed phosphor-free p-n homojunction white LED on Si (111) substrate.
The strongest electroluminescence (EL) white emission from single p-n homojunction MC-based-LED
(MC-LED) is observed at 12 V, which establishes the state-of-the-art c-GaN MCs optoelectronic
devices. Compared with conventional h-GaN, the advantages including proper geometry for white-light

emission as well as high luminous and power efficiency can be used for next-generation LEDs.



Journal of Materials Chemistry C

Experimental

Material Preparation and Characterization. GaN samples were directly synthesized using Ni as
catalyst in a feasible CVD method, which is similar to our earlier work">?®. A polished Si wafer of
10x20 mm? was cleaned in 10% HCI solution for 30 min and rinsed with distilled water. We put the Si
substrate coated with Ni as a catalyst by electron beam evaporation. The substrates were then patterned
with Ni layer around 2 nm in thickness. Ga (99.999%) powders (1.5 g) were added in mortar and milled
30 min by manual operation at 25 °C. Then, the pure Ga powders were melted in a quartz crucible and
the Si [(111) for MCs and (101) for GaN microhexahedrons (MHs)] substrate which deposited with Ni
was dipped into the molten metal and slowly withdrawn under the protection of N, against oxidization.
Such Si (111 or 101) substrate was located into the center of a horizontal quartz tube. For cleaning the
Si surface with N,, the substrate was heated at 500 °C for 10 min under a N, flow rate of 100 mL/min.
The sealing system was put in the temperature of about 1020 °C for 150 min and 900 °C for 60 min
which fabricated MCs and MHs, respectively. Ammonia with a flow rate of 60 mL/min or 80 mL/min
was run into the furnace for 180 min or 80 min under 0.20 Mpa for MCs or MHs. After the system was
cooled down to room temperature, a large piece of products with yellow (MCs) or pale yellow (MHs)
were seen in the Si [(111) and (101)] substrates, respectively.

The morphologies and structural properties of the as-prepared GaN samples were investigated by
scanning electron microscopy (SEM) (JSM5600LV), transmission electron microscopy (TEM), the
energy dispersive X-ray spectroscopy (EDS) (6853-H, Horiba, England), the X-ray powder diffraction
(XRD) (D8- Bruker), and Micro-Raman spectra, respectively. TEM samples were prepared using the
precision ion beam thinning technology method. The TEM techniques, including high-resolution TEM
(HRTEM) and the selected area electron diffraction (SAED), were performed using a Philips FEG TEM
CM200 supertwin electron microscope operated at 200 kV. Different temperature photoluminescence
(PL) (JY HORIBA FluoroLog-3) measurements were carried with a D, (266 nm, 15 mW) laser as an
excitation source.

Device Fabrication and Characterization. Similar to our previous work', during the fabrication of
phosphor-free GaN MC-LED, the undoped GaN MCs were grown firstly on the Si (111) substrate.
Subsequently, Mg-doped p-type MC grows naturally as nucleation form on the top of n-type GaN MCs
template using a self-assembled CVD system. The growth time was 350 min and there was no
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necessary thermal treatment to active Mg. Finally, the metal contacts consist of Ni (20 nm)/Au (200 nm)
and Ti (20 nm)/Au (200 nm), which were deposited on p-type conductivity MC surface and the n-type
conductivity MC, respectively. The electrodes were prepared by conventional -electron-beam
lithography and magnetron sputtering technology. The current-voltage (I-V) characteristics were
measured using the two probe method after a thermal annealing process for 5 min at 700 °C in a
nitrogen atmosphere. -V characteristics of the devices were measured by a Keithley 4200-SCS
electrometer. The EL measurements were carried out by the time resolve electroluminescence
spectroscopy with a blaze grating of 500 nm and a scanning step size of 0.5 nm. All the experiments
were carried out at room temperature (RT). The measurements were repeated with contacts on various
points of each sample to ensure repeatability.

Results and discussion

Figure 1(a, b) depicts the XRD pattern and Micro-Raman spectrum of as-synthesized GaN MCs and

MHs at RT. Both typical XRD patterns of the obtained products are shown in Figure 1(a), which are

23,37 10, 38

respectively very much matched with standard cubic and wurtzite structures of the GaN crystal,
and no peaks of impurity phases are detected. RT Micro-Raman measurements are carried out for GaN
[see Figure 1(b)] using green light (514.5 nm) excitation. The E; (high) and A; (LO) modes of GaN are
observed to be consistent with the high crystalline of the pure h-GaN and pure c-GaN, respectively.
One for c-GaN at 735.5 cm™ due to A, (LO) raman-active phonon mode, while the other matches the
h-GaN from E, (high) at 567.4 cm™. As we all know, Raman spectroscopy is also an effective tool for
the precise evaluation of stress in GaN epilayers®. It is well known that the E, (high) mode of h-GaN
corresponds to the atomic oscillations in the c-plane and is therefore sensitive to the biaxial stress. In
our study, the h-GaN grown on Si (101) is found to have nearly stress-free, as the E, phonon peak is
nearly no shifted (567.4 cm ) compared to stress-free bulk hexahedral GaN (567.6 cm .

Two typical SEM images of as-prepared GaN products for different magnifications were shown in
Figure 1 (c, d). Figure 1 (c) reveals high-yield GaN MCs as long as ~7 um with cross-dimensions in the
range of 1.5-2.5 pm. The inset of Figure 1(c) reveals a high-magnification SEM image of the MC
which shows clear side facets revealing the characteristics of cubic crystal. The GaN MHs [Figure 1(d)]
were observed on the surface of Si (101) substrates. The inset of Figure 1(d) reveals a

high-magnification SEM image of a single GaN MH, showing a perfect hexagonal shape with length of
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a side of ~ 2 um and the lengths of 4-5 pm.

Further structure and morphology analyses below confirm that these cube-like microstructures and
hexahedron-like microstructures in the SEM images are indeed composed of c-GaN and h-GaN
crystals.

The morphology and structure, composition of the GaN MCs or MHs have been characterized in
further detail using TEM, HRTEM, and EDS. A typical TEM pattern [Figure 2(a)] of the MC exhibits
an obvious rectangle shape consistent with the zinc-blend structure. Figure 2(b) shows the
corresponding SAED pattern, the incident beam was parallel to [001]..g.n zone axes, which can be seen
that the single-crystalline zinc-blende structured GaN crystal. Figure 2(c) is the EDS of MCs, which
shows the atomic species Ga and N. The weak carbon peak was considered to be caused by carbon film
coated Cu grid that was used to fix the sample onto the sample support during the TEM observations
and the Cu element comes from copper mesh. Figure 2(d) shows an HRTEM image of the GaN crystal
along the [001]..gan zone axes. The HRTEM [Figure 2(d)] image of the ordered cubic samples standing
perpendicular to the substrate which is shows a lattice spacing of 0.45 nm, consistent with the Figure
2(a). In other words, the samples grew in the (111) planes of the substrate Si, which indicate that
synthesized of single crystal successfully. As shown in Figure 3(a), clearly reveals that the GaN MHs
were composed of hexagonal structure. Subsequently, the corresponding SAED pattern in Figure 3(b),
the incident beam was parallel to [001],.can zone axes, showing the single-crystalline wurtzite
structured GaN crystal. Figure 3(c) shows the corresponding EDS of MHs, which can be seen that the
atomic species Ga and N. The image in Figure 3(d) which corresponds to the circle part marked in the
TEM in Figure 3(a) shows that the clear lattice fringes in this image confirm a single-crystal structure
of the MHs. The space of ~0.26 nm between arrowheads corresponds to the distance of (100) planes.
Those indicate high intensity in response to pure GaNs synthesized.

In further study, thermodynamical instability of cubic phase GaN and epilayer-substrate chemical
incompatibility are some of the key issues bottlenecking such epitaxial deposition schemes™>'. After
making an all-around consideration of the various affecting factors including small lattice mismatch
and potential applications in optoelectronic devices, Si is an exciting substrate to consider for GaN
growth. In this situation, if c-GaN seeds are available, the formation of defects, strains and cracks can
be minimized®. At the beginning of growth, stacking faults are the main defects to be avoid, and then
other defects can be inhibited’>. Note that the stacking faults are the major factor that supports the
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incorporation of h-GaN phase inside the c-GaN. In this case, problems related to drift of the Ga flux
and the active nitrogen species, as well as non-uniformity heat distributions towards the surface have
become significant at longer period of growth3L 32 Under certain optimal flow rate, in other word under
ideal III-V (main group elements) ratio, the reaction gas, but not the N,, dissociates readily on the Si
substrate surface yielding atoms needed for the formation of MCs.

Another major challenge for the vapor-liquid-solid (VLS) mechanism is the selection of an appropriate
catalyst that leads to the realization of samples. The central role of the catalysts is to form eutectic
liquid droplets under proper temperature with the reactants under CVD conditions. The very small
miscible droplets of Ni-Ga-N may act as nucleation sites in the VLS growth of GaN MCs*
Interestingly, though the TEM and HRTEM, one can conclude that the evidences of the stacking faults
are absent. This phenomenon is due to the annihilation of the stacking faults in a larger thickness,
whereby these stacking faults disappear by terminating the other stacking faults in different orientations.
Through precise control of the growth parameters such as temperature, ammonia flow, and catalyst
treatment, the growth was stable and unidirectional, and the ammonia hardly diffuses in any but one
direction, producing growth of MCs or MHs only in that direction.

To evaluate the optical characteristics of the GaN MCs formed on the Si (111) substrate, we performed
continuous-wave PL measurements. Figure 4 shows the temperature dependence of the PL intensity for
the YL band at about 583 nm and band-edge emission at 387 nm in c-GaN MCs. It can be seen that the
YL integrated peak intensity decreased, while the band-edge emission intensified in increasing
temperature from 150 to 350 K. This is the first observed high performance YL emission in c-GaN.
However, the origin of the deep acceptors responsible for YL is still not identified****. As the origin of
the YL band, previous studies on GaN have claimed that carbon-related impurity and dislocation
densities are responsible for the well-known YL band centered at 2.1-2.3 eV 4245497 The other
proposed models involve transitions from shallow donors to either deep acceptors or deep donors, or
from deep double donors to shallow acceptors have attracted attention as a candidate®®>*. Form the
image in Figure 2(a) and the FWHM in HRXRD rocking curve of GaN MCs (Supporting information)
with a low density of threading dislocations; it is clear that dislocation defects can be ruled out by the
effect of the YL. As shown in Figure 4, the intensity of the YL emission is even higher than that of the
band-edge emission at 150 K, while the emissions from the YL emissions are almost suppressed when
the temperature was 250 K or higher, and the prominent peak at 387 nm is the only dominant peak at
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350 K(see in Figure 4). From the temperature dependence of the PL, we find that the YL is due to
shallow-to-deep donor recombination™. The results manifest a strong correlation in properties related
to deep levels. All the above-mentioned structural and componential analyses clearly reveal that our
designed CVD method can successfully synthesize single crystalline structure GaN MCs with high
purity, and the as-grown GaN MCs could be considered to assemble low-dimensional prototype
optoelectronic devices.

Utilizing the as-grown GaN MCs, a low-dimensional structure LED is fabricated. In order to evaluate
the electrical properties of the MC-LED with highly crystalline nature, we have adapted an assembly
fabrication by choosing a single MC. First, we have separated MCs from the Si (111) substrate by using
sonication. Subsequently, an individual MC was chosen on the electrode grid and then assembly
fabrication of the MC was performed by using focused ion beam on a SiO; coated Si substrate. Figure 5
shows the schematic structure of the assembly fabrication, where the homojunction MC lies with a
length of about 4 pm on the Si substrate surface and about 1 um embedded in the two electrodes films.
The I-V curve of the individual phosphor-free white MC-LED device is illustrated in Figure 6(a).
Obviously, the I-V curve of exponential relationship shows diode nonlinear rectification characteristics
with a turn-on voltage of about 5 V. The homojunction behaves like an efficient diode with a current
increasing rapidly under forward bias and blocking the current flow under reverse bias till -15 V. The
linear curves in the inset of Figure 6(a) for both Au/Ti/n-GaN and Au/Ni/p-GaN indicate that the ohmic
contacts have been realized. Also, the two metal semiconductor contacts showing good ohmic contact
are revealed in the I-V measurements after the rapid thermal annealing treatments individually,
indicating that the rectifying behavior originated from the GaN homojunction.

To probe optoelectronic properties of the single p-n homostructured GaN MCs, the EL spectra of the
single homojunction MC-LED under various operating voltages ranging from 0 to 15 V at RT are
systematically investigated and exhibited in Figure 6(b). The EL spectra are composed of two emission
peaks in the blue and yellow regions, respectively. The blue peak locates at around 453 nm, while the
yellow one is around 595 nm. It is obvious that the shape of the EL spectra change with the applied
voltage increase. When the applied voltage level is 0 V, the blue and yellow component of the
spectrums could hardly be observed. In the range of applied voltage from 3 to 9 V, the intensity of two
EL emission peaks at 453 and 595 nm are both increased, and the integrated intensity ratio of the blue
and yellow peaks is 0.02 and the color of the device is yellow. When the applied voltage is 12 V, the
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integrated intensity ratio of the two emission components is 0.51. In this situation, the EL spectrum
corresponded to a white-light source derives the Commission Internationale de I’Eclairage (CIE)
chromaticity coordinates. The inset is the emitting image of the single p-n homojunction at 12 V.
However, as the applied voltage increased, the intensity of the blue peak became stronger while the
yellow peak became weaker. The color of the device is blue at 15 V. As a whole, Figure 6(b) shows that
the two EL peaks shift towards higher energy side at increased applied voltage due to screening of the
small polarization field by injected carriers. The excellent luminescent properties of the phosphor-free
LED imply the potential application on micro/nanoscale light source based on c-GaN. In addition, the
high brightness light emission from p-n c-GaN homojunctions can also be observed after three months,
revealing the high stability of our phosphor-free MC-LED devices in ambient.

The absolute output power of the devices is measured by using an integrating sphere. It is worthwhile
mentioning that no electron blocking layers were incorporated in the device active regions. Figure 7(a)
shows the light output power curves of single MC-LED and conventional single p-n h-GaN
homojunction LED (MH-LED) on Si substrates as a function of injection current. It can be noted that
for both samples, the light output power increases monotonously with the increase in injection current.
For LED based on MC, even when the injection current increases to 100 mA, the light output power
still exhibits an upward trend without saturation, indicating excellent electronic properties which are
comparable to the conventional MH-LED. On the other hand, the light output power of MC-LED was
enhanced by approximately 50% for a typical operating current of 20 mA compared with that of
conventional MH-LED. To the best of our knowledge, this is the highest power ever reported for any
micro/nanostructure GaN-based phosphor-free white LEDs. We suggest the mechanism of the
efficiency enhancement associated with MC is due to the increased IQE caused by the reduction of
threading dislocation density, and the absence of piezoelectric polarization of the zinc-blend phase
GaN.

The LED luminous efficiency (niep), as given by below equation, is mainly comprised of the resistive
losses due to Joule heating, injection losses, and IQE. The IQE describes the fraction of the available
carriers (N) that recombines radiatively which described by the BN” term. The dominating nonradiative
processes which defined by the AN term are defect-mediated recombination and the Auger
recombination in which electron-hole recombination energy is dissipated to other carriers rather than

emitted as a photon (described by the CN? term)™.



Journal of Materials Chemistry C

BN?
NLep = MNjoule " Ninjection .AN +BN2 + CN3

Although all the components are important, efficiencies of the state-of-the-art devices today are mainly
determined by injection efficiency and IQE®’. The doped p-type layers were modulated using Mg to
enhance the hole injection and transport process. The stable emission is attributed to a negligible
quantum-confined Stark effect and the enhanced hole transport, due to p-type modulation doping. The
IQE is the number of photons generated from an electron—hole pair injected into LEDs, that is, the
ability of the semiconductor LED to convert electricity into light. The single MC-LED and MH-LED
are measured under pulsed current-injection mode to eliminate Joule heating. Figure 7(b) plots the IQE
as a function of the forward current for the individual MC-LED and MH-LED, respectively. The IQE
first increases with increasing injection currents for both types of devices and shows virtually no
efficiency droop as the injection current increases. It reaches the maximum values of 99.2% and 95.0%
at ~72.0 and 73.7 mA, for the zinc-blende and wurtzite phase devices, respectively. These values are
significantly higher than the IQE of any previously reported white micro/nanostructure LEDs”>*. More
importantly, with the use of zinc-blende phase GaN, the IQE shows a more than 50% increase, which
the most efficient phosphor-free white LEDs ever reported.

The high threading dislocations density would give rise to numerous nonradiative recombination sites
and scattering centers, which causes a large decrease in IQE, deteriorating the electrical and optical
characteristics of GaN-based devices. Through the studies of the dislocation density of the GaN
samples by a HRXRD rocking curve (See supporting information), compared to the previous reports””
60 ¢-GaN with a low dislocation density < 10® cm™ is highly desirable because it can increase the
lifetime for continuous operation of diodes. This ultralow dislocation density which suppressed
nonradiative recombination contributes to high-performance MC-LED with a higher light emission
efficiency compared with a conventional h-GaN. Obviously, the improvement of heteroepitaxial GaN
quality to achieve a lower dislocation density is a crucial issue®'.

The enhanced emission efficiency and no efficiency droop as the injection current increases are also
attributed to the absence of piezoelectric polarization of the zinc-blend phase GaN MC-LED. 1t is
well-known that the piezoelectric field will cause a spatial separation of the electron and hole wave
functions as well as a reduction of the radiative recombination rate* °* . In other words, in the case of

LED based on c-GaN, the piezoelectric field effect did not occur due to the noninfluence of
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polarization. Nonpolar LED may also benefit from enhanced carrier injection efficiency due to the
absence of internal polarization-related electric fields that result in a “sawtooth” energy band profile
that impacts carrier transport through the quantum-confined stack®. Because of this phenomenon, the
efficiency improved in zinc-blend MC-LEDs. Our results demonstrate that the fabricated nonpolar
MC-LEDs are remarkable and can improve the efficiency of the LED.

Conclusions

In conclusion, large area zinc-blende phase with high-performance yellow-band emission GaN MCs
were synthesized by CVD method. Studies on the single c-GaN homojunction phosphor-free LED
show excellent white emission under an operating voltage of 12 V. We have demonstrated the most
efficient phosphor-free white MC-LEDs ever reported, which exhibit an internal quantum efficiency of
~99.2% and an output power of ~4.4 mW for a typical operating current of 20 mA, which is more than
50% stronger than that of conventional h-GaN homojunction LED. The photoelectrical properties of
MC-LEDs exhibit superior luminous and power efficiency to that of MH-LED owing to the ultralow
dislocation density and the absence of piezoelectric polarization. The polarization-free MC-LEDs also
show many desired properties, including highly stable white light emission, that are ideally suited for
next-generation LEDs. This work constitutes significant progress for achieving low-cost,
high-performance phosphor-free white LEDs utilizing polarization-free MCs.
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Figure 1 (a) The XRD spectra of MCs and MHs. (b) Room temperature Micro-Raman spectra of

GaN MCs and GaN MHs. (c¢),(d) the SEM images of GaN MCs or MHs.
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Figure 2 the image of synthetic GaN MCs (a) TEM, (b) SAED, (c) EDS, (d) HRTEM
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Figure 3 The as-synthesized GaN MHs (a) TEM, (b) SAED, (c) EDS, (d) HRTEM
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Figure 4 Different temperature PL spectra of GaN MCs.
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Figure 5 Schematic test illustration of the p-n homojunction GaN MC LED device.
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Figure 6 (a) I-V curves of the homojunction diode (inset: the ohmic contact
characteristics of the electrodes). (b) EL spectra of the p-n c-GaN in various operating

voltage conditions at RT (inset: the emitting image of the individual p-n homojunction

at 12V).
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Figure 7 (a) The light output power curves of the single MC-LED and MH-LED as a
function of injection current. (b) Variations of the relative IQE with injection current
for the emission from the individual MC-LED and MH-LED measured at room

temperature.
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