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Multi-Microscopy Techniques for the Investigation of 
Fully Coalesced Boundaries in GaN 

 
T. J. O’Hanlon, F. C.-P. Massabuau and R. A. Oliver 

Department of Materials Science and Metallurgy, University of Cambridge, UK 
 

The prevalence of threading dislocations (TDs) in nitride semiconductors is well known, but 
their generation mechanism is not fully understood. Early models [1-2] suggested TDs formed at 
GaN island coalescence boundaries (CBs) with slightly differing misorientations. Conversely, 
later work [3-6] using partially coalesced films to directly correlate CBs with dislocation 
distributions found no evidence of increased TD density at CBs: most dislocations seemed to be 
carried through from the initial nucleation layer. 

However, as these studies were restricted to partially coalesced films, to allow CB identification, 
the impact of complex late-coalescing boundaries could not be investigated. Here, the 
development of a multi-microscopy technique allowing direct correlation of CB and TD 
locations in fully-coalesced films is presented. 

A c-plane 3D-2D growth GaN-on-sapphire sample was grown with 100 nm thick highly n-type 
silicon-doped GaN marker layers every 750 nm, effectively marking the surface structure at 
various points during growth. Scanning Capacitance Microscopy (SCM) was used to map the 
carrier type and concentration on cleaved cross-sections of the material, revealing the surface 
evolution over time. This allowed CBs to be located after the film had fully coalesced, as seen in 
the SCM amplitude image in Figure 1 (unintentional doping is also visible). 

Lithographic markers and topographic cleavage steps were used to allow the exact areas 
characterized in SCM to be located in the Focused Ion Beam / Scanning Electron Microscope. 
The previously characterized cross-sections were then lifted out as lamellae from the cleaved 
edge by milling from only the back side, with careful preparation and choice of milling angles to 
avoid exposure of the characterized surface to the ion beam. 
 
Transmission Electron Microscopy defect analysis was then used to compare and correlate 
observed TDs with known CB locations to shed further light on the contribution of CBs to 
dislocation origins in the nitrides. 
 
These techniques could also be applied to numerous other problems where direct correlation of 
observed cross-sectional features between techniques would yield a greater understanding of the 
behavior observed. 
 
 
  



 

Figure 1: Scanning Capacitance Microscopy  dC/dV amplitude image of a late-coalescing 
boundary. Unintentional doping on inclined growth facets is also seen. 
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III-nitride materials are perhaps most well-known for their application in high-brightness light emitting 

diodes (LEDs) [1], however they are also particularly sought after for various optical devices such as laser 

didoes [2] and single photon sources [3]. In particular, III-nitride microcavities offer an exceptionally versatile 

platform not only in device related applications, but also as a platform for the investigation of fundamental light-

matter interactions and cavity quantum electro-dynamics (cQED) [4]. Despite the expected benefits of III-nitride 

materials in nano- and micro-scale devices, the performance of said devices can be hindered by issues 

encountered in top-down fabrication techniques due to the excellent chemical and thermal stability of III-nitride 

materials [4]. In the development of high-performance nanoscale nitride devices it is thus crucial for 

optimisation strategies to incorporate techniques for the evaluation of fabrication and material issues. 

We report the use of dual-beam focussed ion beam -scanning electron microscope (FIB-SEM) based 

sample preparation techniques for the analysis of undercut nanoscale nitride photonic crystal cavities using 

transmission electron microscopy (TEM) and electron tomography (ET). The devices examined in this study 

are 1-D photonic crystal cavity suspended nanobeam structures fabricated using a method described by Niu et 

al. [5].  Devices fabricated using this method have been shown to exhibit extremely low-threshold lasing 

behaviour and Q-factors up to 1900. Here, we analyse failed devices to elucidate the materials or fabrication 

issues leading to failure using electron microscopy techniques following sample preparation. 

The nanobeam devices studied here consist of a ridge waveguide design perforated with gratings of 

circular gaps designed using a deterministic high-Q method [5]. The nanobeam has a total length of 5.2 µm, a 

width and thickness of 125 nm and 200 nm respectively, and a target hole periodicity of 130 nm .The small 

dimensions and high aspect ratio of the structures and associated high sensitivity to ion-beam damage render 

standard FIB-SEM lift-out processes ineffective in producing high-quality samples for TEM analysis. As such, 

SEM-cured glue was used to perform sample device lift-out and attachment to a tomography holder, providing 

minimal ion-beam damage and contamination. Scanning transmission electron microscopy with a high-angle 

annular dark-field detector (STEM-HAADF) revealed the incomplete etching of gaps in the examined device. 

High resolution tomographic imaging was then performed by recording a series STEM-HAADF images at every 

2 degrees for 180 degrees about a tilt axis and ‘back-projecting’ these to form a 3-D reconstruction of the device, 

giving detailed information concerning the 3-D geometry of the gaps in the structure as well as potentially 

revealing surface roughness and tapered features, factors which are key in the performance of the device.  These 

results were then compared to a second tomographic study using a “slice-and-view” technique, in which a 

nanobeam cross-section is prepared in FIB and imaged in SEM, before a small region of the nanobeam was 

removed using the ion beam, moving the cross section imaged in SEM along the length of the structure, to 

produce a series of images for tomographic reconstruction. 

In conclusion, we have designed a sample preparation method to minimise the damage and 

contamination inherent to standard dual-beam FIB/SEM sample preparation methods in order to prepare a 

fabricated nanobeam photonic crystal device for electron tomography. STEM-HAADF revealed the incomplete 

etching of the nanobeam holes along the device as well as unetched material on the underside of the nanobeam 

possibly responsible for device failure, and electron tomography allowed us to access 3-D information 

concerning the geometry of the device. We envision that this method of analysing fabricated devices can be 

coupled with theoretical simulations to provide a powerful framework for the characterisation and optimisation 

of nano-scale photonic devices. 
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Figure 1: a) SEM image of the photonic crystal b) side-view SEM showing the undercut of the devices. 

 

 

Figure 2: Left: STEM-HAADF overview of the nanobeam, right: close-up view showing the QW active region, and incomplete etching 

of the holes. 

 

 

 

Figure 3: Tomographic reconstruction of the nanobeam. 
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The inclusion of prelayer structures, typically low indium composition InGaN layers or InGaN/GaN 

superlattices underlying InGaN/GaN multiple quantum well (QW) structures in light emitting diodes 

(LEDs), is frequently associated with an increase in measured photoluminescence intensity and 300 K 

internal quantum efficiency (IQE) [1-4]. The origin(s) of these improvements in performance, however, 

remain the subject of debate. Suggested mechanisms include strain relief in the QWs [1], increased 

electron capture efficiency [2], and a reduction in the density of defects in the QWs [3]. It was previously 

reported [4] that the increased IQE in InGaN/GaN QW structures containing prelayers could be 

attributed to the modification of the surface polarisation field between the sample surface and the 

prelayer. This field opposes the built-in polarisation fields across the QWs leading to a reduced electric 

field across all of the QWs in a stack. Increased IQEs and reduced photoluminescence (PL) radiative 

decay times measured for structures containing prelayers compared with those without prelayers were 

attributed to the reduced spatial separation of the electron and hole wavefunctions, consistent with 

calculated conduction and valence band profiles. 

 

In this work, we report on the effects of varying the distance between the prelayer and the sample 

surface in two sets of InGaN/GaN multiple QW structures grown by metalorganic vapour phase epitaxy. 

Each structure contains a 23 nm thick Si doped (~ 5 × 1018 cm-3) In0.05Ga0.95N prelayer grown ~ 3 nm 

below the first QW in the stack. The first set of samples consists of structures containing, respectively, 

1, 3, 5, 7, 10, and 15 InGaN QWs and separated by 7 nm GaN barriers. The second set consists of three 

structures each containing 5 InGaN QWs separated by GaN barriers of thickness 4 nm, 7 nm, and 

11 nm, respectively. The electric field across each QW in a stack was calculated for each structure using 

the device simulation package nextnano3 [5].  The electric fields were found to be strongly dependent 

on the total distance between the prelayer and the surface. As this distance decreases, the range over 

which the surface polarisation field acts is reduced. Therefore the resultant electric field across each 

QW decreases with either increasing number of QWs or increasing QW barrier thickness. This is 

supported by a blue shift in the PL emission from the QW(s) with decreasing strength of the mean 

calculated field across the QWs, as well as reductions in PL radiative decay times, measured at 10 K 

for both sample sets. Both of these effects are consistent with a reduced resultant electric field across 

the QWs. The internal quantum efficiency (IQE) at 300K of the samples in the set with varying number 

of QWs decreases with increasing number of QWs. This is attributed to the increased radiative 

recombination rate in samples with reduced fields across the QWs. This is in contrast to structures 

without prelayers, in which the IQE is seen to increase with increasing number of QWs as thermally 

driven carrier escape effects are reduced [6,7]. The set with varying QW barrier thickness serves to 

decouple the surface field effect from that of varying the number of QWs and it displays similar trends, 

with the highest IQE occurring in the sample with the thinnest barriers, suggesting that the effect of the 

surface field is an important consideration in device design. 
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Non-polar InGaN/GaN quantum well (QW) structures grown using the m (1-100) and a (11-20) 

crystal planes have received a lot of interest in recent years, with the promise to produce high 

efficiency light emission [1-2]. The major difference between quantum wells using the non-polar 

m and a-planes, as opposed those grown using the polar c-plane (0001), is the suppression [3] of the 

strong polarisation-induced electric fields that act across the QWs. This suppression leads to an 

increase in the electron/hole wavefunction overlap, resulting in faster radiative recombination 

lifetimes [4] for non-polar QWs when compared to equivalent c-plane QWs [5]. Growth using non-

polar orientations has also been reported [6-11] to supress the effects of the efficiency droop observed 

in c-plane LEDs, although the reason for this suppression is still under debate. 

In this work, the low temperature photoluminescence (PL) of two blue emitting 5 period 

InGaN/GaN multiple QWs, grown on Ammono [12] a and m-plane free standing GaN templates 

respectively, were investigated as a function of excitation power density. The non-polar samples were 

then compared to a c-plane InGaN/GaN single QW.  In order to overcome the difference in 

equilibrium carrier density caused by the vastly different recombination lifetimes, samples were 

excited using a pulsed laser. The pulse duration was significantly shorter than the recombination 

lifetime in the samples and the pulse separation was long enough to ensure that all excited carriers had 

recombined before the arrival of the next excitation pulse. It is therefore possible to estimate the 

carrier density excited within the QWs. The a and m-plane samples were found to undergo droop at 

10 K, along with an increase in the measured full width half maximum (FWHM) of the PL spectrum. 

The increase in PL FWHM was caused by a broadening on the high energy side of the PL spectrum. 

This behaviour is remarkably similar to that observed in the c-plane reference sample. The onset of 

efficiency droop was found to occur at the same value of the density of excited carriers per QW in 

both the polar and non-polar QWs. We therefore conclude that the process for efficiency droop in 

polar and non-polar samples is remarkably similar, and is unaffected by the faster recombination 

lifetime in non-polar samples.  
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Understanding the physical mechanism(s) responsible for efficiency droop in InGaN/GaN quantum 

well light-emitting diodes (LEDs) is critical in developing strategies to mitigate its effect and enable 

the wide-spread adoption of high power GaN-based LEDs [1]. To date several mechanisms have been 

proposed to explain efficiency droop, such as Auger recombination [2], carrier escape [3], and the 

saturation of localised states [4],  but no consensus on the precise origin of this phenomenon has yet 

been reached. Investigations into a reduction in the localisation induced S-shape photoluminescence 

temperature dependence of InGaN/GaN quantum wells due to increasing excitation power [5] and 

observation of a high-energy photoluminescence component that decayed more rapidly than localised 

carrier emission at high excitation power densities [6] suggested that the saturation of localised states 

may be a contributory factor to efficiency droop.  

 To further investigate the physical mechanism or mechanisms contributing to efficiency 

droop, we report on a study of this phenomenon using time-resolved terahertz spectroscopy and 

ultrafast photoluminescence (PL) spectroscopy.  The sample studied consisted of a 10-period 

In0.18Ga0.82N/GaN multiple quantum well structure grown by metal-organic chemical vapour 

deposition on a 5 µm thick GaN buffer layer on a (0001) sapphire substrate. From power dependent 

PL studies, a reduction in the room temperature photoluminescence efficiency to 3% of its maximum 

value was observed for an excitation fluence of 0.96 mJcm
-2

. A correlation was found between the 

onset of efficiency droop and the emergence of a peak on the high-energy side of the quantum well 

emission which was found to decay much more rapidly than the localised carrier emission. In line 

with our previous results [5, 6] we attribute these characteristics to the saturation of localised states 

and the recombination from higher energy delocalised states at high excitation fluence.  

 To further understand this behaviour time-resolved terahertz spectroscopy was performed 

under the same high-fluence excitation. Time-resolved terahertz spectroscopy revealed two decay 

components: a rapidly decaying component attributed to the emission from delocalised states and a 

slow nanosecond decay component attributed the recombination involving localised states within the 

quantum well. In contrast to the PL decays, the magnitude of the nanosecond decay component 

measured with terahertz spectroscopy was found to increase for increasing excitation power. Due to 

the effective masses in GaN, terahertz spectroscopy is predominantly sensitive to photoexcited 

electrons in the structure. These results may therefore suggest that the saturation of localised hole 

states may be playing a part in the onset of efficiency droop. 
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Many efforts are currently under way to improve the quantum efficiency of InGaN 

based light emitting diodes (LEDs) and lasers. Semi- and non-polar orientations are one 

approach which dramatically reduces the built-in polarization and piezo-electric fields. We 

have prepared quantum wells (QWs) on polar (0001), semi-polar (11-22), and non-polar (11-

20) and (1-100) orientation, on quasi-bulk and GaN templates on patterned sapphire with low 

defect density (LDD) , as well as directly on m- or r-plane sapphire. 

For all LDD samples the room temperature photoluminescence (PL) signal at similar 

wavelengths was lower by a factor of 3-5 for semi-polar (11-22), and even by about 10-30 for 

(11-20) and (1-100) oriented QWs compared to the polar (0001) orientation (fig. 1a). 

Moreover, this ratio between semi-polar (11-22) and non-polar (11-20) holds also for the 

more defective hetero-epitaxial samples grown directly on m-plane or r-plane sapphire. 

Microstructural characterization of the LDD samples did not reveal any obvious defects in the 

QWs. Additionally, the PL FWHM values were comparable on (11-22) and (0001). Hence, 

the lower PL efficiency of the semi- and non-polar QWs is not related to crystal defects. 

Further investigations discovered a strong impact of the barrier thickness between the 

QWs. If excited with a laser wavelength above the barrier bandgap, the light is absorbed in 

both the QWs and the barrier. Hence, increasing the barrier thickness should linearly increase 

the total amount of carriers available in the active region. Indeed, for (0001) the PL signal 

increases proportional to the barrier thickness, as does the power dependent wavelength shift. 

But for semi-polar (11-22) QWs the PL signal as well as the power dependent shift of PL 

wavelength stays constant for barriers thicker than 3 nm. We infer that many carriers 

generated in the barrier region do not reach the QWs. 

When comparing the power dependent PL at very high excitation densities, the droop 

reduces the EQEs of polar and semi-polar close to the much lower EQEs of non-polar QWs. 

A single QW LED showed the same behavior for electroluminescence: The light output of the 

(11-22) LED became comparable to the (0001) reference LED deep in the droop regime 

(fig. 1b). 

These results suggest a loss channel, which activates at lower polarization fields, no 

matter if those lower fields are intrinsic (semi-/non-polar) or due to screening at high currents 

densities on polar. This loss overcompensates the gain from the larger wave function overlap 

and the resulting shorter radiative lifetimes with lower fields. On the contrary, stronger fields 

across the active region in more polar orientations could be beneficial, since these would lead 

to very deep QW ground states compared to the first unbound state above the barrier (fig. 2). 

This reduces the carrier escape from QWs (e.g. into the Mg doped regions or surface) because 

the fields provide many bound states in the barrier next to the QW as an easily accessible 

reservoir to recombine in the QWs. 
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Fig. 1: (a) the power-normalized PL intensity reduces at longer wavelength (“green 

gap”), less internal polarization from (0001) over (11-22) to (11-20), and power (high power: 

open symbols). (b) EQE over current density for a single QW LED at 465 nm on (0001) and 

(11-22) become comparable at very high current densities. The (11-22) was measured on 

LDD patterned substrates and on more defective unpatterned on m-plane sapphire. The latter 

was scaled up by a factor of 35 to give the same EQE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: The last bound barrier state model illustrated.  
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One method for improving the performance of nitride–based devices is the reduction of the polar and 

piezoelectric fields which are a result of the wurtzite crystal structure and the strain induced in device 

structures, respectively. This can be achieved by growing on nonpolar, m-plane (1-100) and a-plane 

(11-20), or semipolar (11-22) and (20-21) planes. A range of crystal growth technologies is being 

developed for the realisation of nonpolar and semipolar GaN substrates, but their size remains small 

and their cost is too high. Heteroepitaxial growth of semipolar nitrides on sapphire and silicon 

substrates is highly desirable for the realisation of low cost, high efficiency, and long wavelength 

(amber and red) light emitting diodes. However, heteroepitaxially grown semipolar nitrides suffer 

from a high density of extended defects such as threading dislocations (TDs), basal plane stacking 

faults (BSFs) and associated partial dislocations mainly due to the large lattice mismatch between the 

heteroepitaxial substrate and the epilayer. In order to optimise the growth and thereby improving the 

crystal quality, a rapid, non-destructive and cost-effective structural characterisation technique is 

essential for detailed understanding of extended defects and their formation. Coincident electron 

channelling contrast imaging (ECCI) [1, 2] and electron backscattered diffraction (EBSD) [3, 4] in a 

field emission scanning electron microscope (FEG-SEM) can be a route forward to fulfil this 

requirement. 

In our presentation, we will show our preliminary results on a (11-22) semipolar GaN film grown 

epitaxially on a patterned r-sapphire substrate by metal organic vapour phase epitaxy [5]. We were 

able to produce ECC images (fig. 1a) on a cross section sample revealing extended defects, similar to 

transmission electron microscope (TEM) images as shown in figure 1b. We have applied cross 

correlation based high resolution EBSD [3] to evaluate the strain variation (normal and shear strain) in 

our sample. This is shown in Figure 2. Our preliminary results show both compressive as well as 

tensile strain around extended defects and strain relaxation is evidenced along the growth direction 

(see figure 3). Work in progress to corroborate our initial results. Our present work extends the 

application of ECCI and EBSD for characterising cross section samples to image and quantify the 

strain around individual defects.  
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Figure 1: (a) ECCI acquired at 30 keV in a FEG-SEM, the blue box highlights the threading 

dislocations and (b) cross section TEM image acquired at 200 keV. The black arrow shows areas of 

threading dislocations and white arrow shows the patterned sapphire substrate. 

 
 

Figure 2:  Coincident ECCI and EBSD showing extended defects and strain relaxation along the 

[0001] as shown in ɛcc strain map. 

 

 

Figure 3: (a) High magnification ECCI showing TD and BSFs and (b) corresponding strain map 

showing compressive (blue arrow) and tensile (red arrow) strain around extended defects. 



Linearly polarised photon emission at 160 K from single non-polar (11-20) 
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High-temperature polarised single photon sources have significant applications in quantum 
information processing and optical quantum computing. Non-polar (11-20) InGaN quantum 
dots (QDs) are strong candidates for these non-classical light sources due to the large band 
offsets in nitride materials and the lack of internal fields in the (11-20) crystal direction. The 
resultant strong exciton oscillator strength and short lifetimes allow these potential single 
photon emitters to have higher repetition rates and thus better performance. Furthermore, the 
reduction in acoustic phonon coupling strength allows non-polar (11-20) InGaN QDs to achieve 
much higher operation temperatures. To further increase the photon extraction efficiency, 
nanopillar structures can be made with silica nanosphere masks and reactive ion etching. 

Polarisation-resolved microphotoluminescence (µPL) is performed at various temperatures on 
such nanopillar-enhanced single non-polar (11-20) QDs with two-photon excitation from a 
Ti:Sapphire laser. A closed-cycle cryogenic system is used to cool the sample to 5 K. Sharp 
emission features from the QDs are observed up to 160 K. As shown in figure 1, the peak 
emission wavelength gradually redshifts by 3 nm from 5 to 160 K. Although the QD linewidth 
starts to broaden at higher temperatures, its full width at half maximum remains below 6 meV 
up to 160 K, thereby making them much more suitable for potential cavity coupling systems 
than their polar (0001) InGaN QD counterparts. 

As shown in figure 2, the nature of linearly polarised photon emission is observed from 5 to 
160 K, bringing the operation temperature of non-polar InGaN polarised photon emitters closer 
to the threshold achievable with commercial thermoelectric cooling systems. To add statistical 
significance to the investigation, more than 30 QDs have been studied and an average degree 
of linear polarisation (DOLP) of 0.85 has been found. The dependence of DOLP on temperature 
and QD energy has also been studied and no correlations can be found. The µPL system has 
also resolved fine structure splitting (FSS) less than 100 µeV. The relationship between FSS, 
QD energy, and temperature has been investigated as well. These high temperature polarisation 
results are a step forward towards the realisation of InGaN-based polarised single photon 
sources operating at ambient conditions. 
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Figure 1: Evolution of QD energy with temperature increase from 5 to 160 K. The PL 
intensity is normalised to show the corresponding linewidth changes. 

Figure 2: QD PL intensity variations with polariser angle, demonstrating Malus’ law of 
polarisation at both 5 and 160 K. 
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Hybrid organic semiconductors/inorganic semiconductors are drawing increasing attention, as a 

result of uniquely combining their respective advantages from the two major families of 

semiconductors, potentially fabricating highly efficient white light sources with superior 

performance over the current “blue LED + yellow phosphor” approach in terms of optical 

efficiency and color rendering index. Furthermore, it is expected to observe non-radiative energy 

transfer between organic and inorganic semiconductors as a result of dipole-dipole interaction if 

they meet requirements. This will also stimulate a lot of new physics. Very recently, we have 

developed a nanofabrication technique for the fabrication of such a hybrid structure, combining c-

plane InGaN/GaN multiple quantum wells (MQWs) and a highly efficient yellow emission polymer 

(F8BT).1,2 As a consequence, we have observed a very efficient non-energy transfer between the 

InGaN MQW and the F8BT.  

Polarized white light would be very important for back-lighting applications, and currently it can 

be achieved by using a polarizer only, leading to extra energy loss. In this presentation, we report a 

new nanofabrication approach by combining InGaN/GaN MQWs that form one dimensional (1D) 

gratings with the F8BT, where the polymer molecules can be well aligned with the InGaN/ GaN 

MQWs gratings in order to intrinsically polarize the emission of the F8BT. With this approach, we 

have successfully achieved white light polarized emission.  

In this work, one dimensional grating structures have been fabricated on a standard InGaN/GaN 

MQW structure using a confocal microscopy lithography 

technique, where the spatial resolution of the system can 

be down to 160 nm. Firstly, a 200 nm thick silicon 

dioxide (SiO2) layer was deposited on the top of the 

standard c-plane MQWs emitting at 460 nm. A 

photoresist was then deposited on the top of the sample 

by a standard spin coating method. A commercial 

confocal microscope from WITec with a 375nm 

continuous wave (CW) laser was then used to write the 

grating patterning on the soft photoresist. Reactive ion 

etching (RIE) technique was then employed to etch the 

SiO2 mask, which serves as a second mask for further 

processing. The grating patterning was then transferred 

into the sample by etching through the MQWs by means 

of an inductive couple plasma (ICP) etching technique. As an example, Figure 1 shows a grating 

structures are shown. By modifying the gaps and periods of the grating, a number of grating 

structures with a fill factor of 0.5, 0.73 and 0.9 (defined as a ratio of the InGaN/GaN stripe width to 

the grating period) have been fabricated. Subsequently, the F8BT polymer was deposited by a 

standard spin coating method, and then fill into the gaps of the grating structures. In order to allow 

the F8BT molecules align with the underlying MQWs gratings, a high pressure was then applied on 

the top of the gratings, followed by heating the sample up to 160 oC for 1 hour in an oxygen free-

glove box.  

Polarisation dependent measurements have been performed at room temperature (300 K) using a 

micro-photoluminescence (PL) system. Figure 2a shows PL spectra of such a hybrid sample with a 

fill factor of 0.9 as an example, where the emission is collected at two polarisation angles with 90o 

difference. Figure 2b displays the polarization degree of the F8BT as a function of the fill factor of 

Figure 1. Top view SEM image of the 

gratings structures fabricated on c-plane 

InGaN / GaN MQWs. 
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the hybrid sample, demonstrating that a high fill 

factor leads to an increase in the polarisation degree 

of the F8BT. For example, the sample with a fill 

factor of 0.9 exhibits an approximately 40% 

polarisation degree across the whole spectrum, 

which is almost 8 times higher than that of the 

sample with a fill factor of 0.5. It means that the 

polarisation of the F8BT emission would occur and 

then be enhanced if the gap of the grating structure is 

small enough to allow the molecules to remain well 

aligned along the grating. 

We have also further measured the polarization of 

the combined emission (white lighting) from both 

the InGaN/GaN blue emission and the polymer 

yellow emission as a function of a fill factor.   

In summary, a detailed study of PL polarisation 

has been performed on a hybrid organic/inorganic 

grating structures with a different fill factor at room temperature. It was found that the polarisation 

of the F8BT and thus the hybrid devices, increases with increasing the fill factor of the grating 

structures due to well alignment of the molecules along the InGaN / GaN MQWs gratings.  
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Figure 2a: An example of the polarised white 

light spectrum for the hybrid grating with 0.9 

fill factor; and 2b: Polarisation degree of the 

F8BT polymer against the fill factor ratio. 
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Rare earth (RE) dopants in semiconductors have been studied for decades with the main aim 
of augmenting the available emission wavelengths of optoelectronic devices [1,2]. Optical 
spectra of tri-positive rare earth ions in crystals feature sharp lines with half-widths smaller 
than kBT, at element-characteristic wavelengths that depend only weakly on the host material. 
In contrast, the spectral patterns of the transitions are rather sensitive to the symmetry of the 
RE local environment. Double doping of epitaxial GaN samples with magnesium and 
europium introduces defects associated with an extrinsic hysteretic photochromism [3-5]. In 
an extension of previous studies, RE spectroscopy of such samples reveals the interesting 
consequences of photo-induced migration of Mg acceptor atoms in GaN. 
 

We monitor photoluminescence (PL) spectra of the simple 5D0 to 7F0,1 transitions of 
Eu3+ as a means to study both defect populations and their configurations as a function of 
temperature. We find, firstly, that the centre into which Eu0, the dominant defect at room 
temperature, transforms, upon sample cooling below 50 K, is not after all the ‘real’ Eu1 
defect, as previously thought, but an analogous one, branded Eu1(Mg), which itself 
transforms into another centre, Eu1(Mg2) under continuing illumination. We present evidence 
to support a further level of transformation, yielding Eu1(Mg3), after prolonged sample 
illumination. The projected endpoint of this defect cascade is a centre in which the Mg atom 
has migrated so far from its initial site, close to the spectator Eu ion, as to form a centre that is 
spectroscopically indistinguishable from the ‘real’ Eu1. Spectral evidence of the primary 
photochromic switch, from Eu0 to Eu1(Mg) on sample cooling, is shown in Figure 1. 
	

Figure	 1:	 From	 room	
temperature	down	to	100	K,	5D0	

to	 7F1	 spectra	 of	 GaN(Mg):Eu	
feature	3	transition	 lines	of	the	
defect	 Eu0,	 widely	 split	 by	 a	
low-symmetry	 crystal	 field.	
Below	 ~50	 K,	 this	 centre	
transforms	into	the	much	more	
symmetric	 Eu1(Mg);	 Eu1(Mg)	
has	 nearly	 trigonal	 symmetry.	
Inset	 figures	 show	 energy	 level	
schemes	 of	 the	 defects	 (not	 to	
scale).	
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The observation of ongoing spectral changes suggests an extension of the switching 
model previously advanced for the Eu0 to Eu1(Mg) transformation, based on observation of 
the stronger, but more complex, 5D0 to 7F2 transitions [3-5]. The photochromism and 
temperature hysteresis (not shown here) are explained on the basis of the charge-state 
dependence of the Mg-N bond length, a classic shallow-deep instability, described 
theoretically by several authors [6-7]. This instability acts as a latch, which is set by carrier 
freeze-out and released by hole migration: carrier freeze-out of shallow centres at low 
temperature initiates the ‘switchdown’ that transforms Eu0 to Eu1(Mg), when the Eu-Mg 
distance spontaneously increases as a hole becomes localized on the intervening N atom; the 
inverse process (‘switchback’) is triggered by the release of holes from deep acceptors, 
occurring only at  relatively high temperatures. During the first switching stage, from Eu0 to 
Eu1(Mg), between ~40 K and 10 K, we also observe transient emission lines from a centre, 
that we describe classically as a metastable intermediate of the Eu0 and Eu1(Mg) 
configurations. In quantum-optical terms, this resonance can be seen as a superposition of the 
two contributing defects. It may therefore form the basis of a novel solid state qubit [5]. 
 

Repeated cycling of a sample between high and low temperature, together with 
prolonged ‘blitching’ (the combination of bleaching and switching) at low temperature 
induces the slow formation of other defects, as revealed by the 5D0 to 7F0 spectra of Figure 2. 
These defects are found to be quasistable at room temperature; their formation and destruction 
will be described. 
  
By considering the photo-dynamics of the complete excitation and bleaching cycle, we extend 
the switching model to cases where the Mg atom becomes localised, and sometimes stuck, at 
distinct locations ever further from the Eu atom, in line with the measured decreasing 
magnitude of the off-axis distortion for centres Eu1(Mg2) and Eu1(Mg3). 

 
 
 

Figure	2:	In	the	5D0	to	
7F0	‘sensitive’	region,	each	

Eu3+	 defect	 contributes	 a	 single	 resolved	
spectral	 line	 (if	 there	 are	 no	 overlaps).	 The	
singlet	belonging	 to	Eu0	 is	accompanied	 in	 this	
figure	 by	 additional	 lines	 that	 are	 induced	 by	
repeated	 temperature	 cycling	 and	 sample	
‘blitching’	(see	text)	at	low	temperature.	
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UNRAVELING THE BANDGAP NATURE OF HEXAGONAL BORON NITRIDE

Guillaume Cassabois
Laboratoire Charles Coulomb, CNRS, Montpellier University, France

Hexagonal boron nitride (hBN) is a wide bandgap semiconductor with a large range of basic
applications relying on its low dielectric constant, high thermal conductivity, and chemical inertness.
The growth of high-quality crystals in 2004 has revealed that hBN is also a promising material for
light-emitting devices in the deep ultraviolet domain, as illustrated by the demonstration of lasing at
215 nm by accelerated electron excitation [1], and also the operation of field emitter display-type
devices in the deep ultraviolet [2]. With a honeycomb structure similar to graphene, bulk hBN has
recently gained tremendous attention as an exceptional  substrate for graphene with an atomically
smooth  surface,  and  more  generally,  as  a  fundamental  building  block  of  Van  der  Waals
heterostructures [3]. 

In  spite  of  this  rising  interest  for  hBN and the large  number  of  studies  devoted to  this
material of seemingly simple crystal structure, the very basic question of the bandgap nature is still
controversial. There is a strong contrast in the literature between ab initio band structure calculations
predicting an indirect bandgap crystal and optical measurements concluding to a direct one [1].

I will discuss our recent experiments by two-photon spectroscopy demonstrating that hBN is
an indirect bandgap material. I will show that the optical properties of hBN are profoundly determined
by phonon-assisted  transitions  involving  either  virtual  or  real  excitonic  states.  I  will  present  our
measurements of the exciton binding energy by two-photon excitation, leading to the estimation of
6.08 eV for the single-particle bandgap in hBN.
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Band	gap	engineering	in	II-IV	nitrides	
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Ultraviolet	light-emitting	diodes	(UV-LEDs)	based	on	wurtzite	structure	III-nitrides	

currently	have	low	efficiencies	and	lifetimes.	The	light-emitting	quantum	well	(QW)	regions	
of	most	UV-LEDs	are	based	on	AlGaN	alloys,	but	unfortunately	it	is	not	possible	to	achieve	
lattice-matched	and	polarization-matched	QW	heterostructures	with	appropriate	band	gaps	
and	band	offsets	using	this	alloy	system.	Therefore,	it	is	motivated	to	search	for	alternative	
wide	band	gap	nitride	materials	that	could	introduce	additional	degrees	of	freedom	for	UV-
LED	device	design,	either	to	assist	in	the	lattice-matching	or	in	the	polarisation-matching	
within	the	active	light-emitting	region.		

The	Group	II-IV	nitride	semiconductors	are	emerging	as	promising	alternatives	for	
these	applications.	These	materials	have	wurtzite-like	orthorhombic	crystal	structures	and	
can	be	derived	from	Group	III	nitrides	by	substituting	pairs	of	Group	III	(e.g.	Al,	Ga	or	In)	
atoms	for	a	single	Group	II	(Be,	Mg,	Ca	or	Zn)	atom	and	a	single	Group	IV	(C,	Si,	Ge	or	Sn)	
atom.	We	have	recently	focused	on	the	II-IV	nitride	MgSiN2	both	from	theory	and	
experiment.	On	the	theoretical	side,	density	functional	theory	has	been	used	to	obtain	
accurate	structural	properties,	elastic	constants	and	piezoelectric	properties	of	MgSiN2.	For	
example,	the	band	structure	of	MgSiN2	is	shown	to	have	a	large	indirect	band	gap	of	similar	
size	as	the	direct	band	gap	of	wurtzite	AlN	[1].	In	this	talk,	we	will	present	results	from	both	
theory	and	experiment	on	the	variations	in	the	band	gaps	of	II-IV	nitride	systems.	Both	
when	regarding	combining	different	Group	II	and	Group	IV	elements	and	for	alloying	with	
Group	III	elements,	exemplified	by	(MgSi)1-xAlxN2.	
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Kinetic phase diagrams and universality of surface patterns during growth
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GaN epitaxial growth can show spontaneous instabilities, leading to self-assembled 
patterning. One mechanism for this process is due to Ehrlich-Schwöbel barriers leading to 
asymmetric diffusion of growth species across step edges [1]. This contribution will discuss
some more of the range of surface morphologies which can occur in MBE, PAMBE and 
MOCVD for deposition of nitrides outside of the step-flow regime. The stability regimes for 
different patterns and the provisional results on post-annealing will be presented. The 
scaling behaviour of these patterns as a function of growth conditions will be used to 
categorise the universality classes of these types of pattern.
  

 Figure 1: Some of the effects on simulated morphologies changes on scaling the crystal 
growth temperature (top row), deposition rates (middle) and substrate offcut (bottom).

1. Kaufmann, Lahourcade, Hourahine, Martin and Grandjean et al. J. Cryst. Growth 433, 
36–42  (2016)



Fig. 1: Refractive index measurements of m-plane GaN 

with the terahertz electric field polarized both parallel 

(E ∥ c) and perpendicular (E ⊥ c) to the c-axis. 

 

Terahertz dielectric properties of free-standing non-polar GaN 
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Gallium nitride (GaN) is a direct bandgap semiconductor used for high-frequency and high-power 

optoelectronic devices that are typically based upon wurtzite GaN grown along the [0001] (c-axis) 

direction. However, strong spontaneous and piezoelectric polarisations exist along the c-axis and 

result in large internal electrostatic fields [1] that have been shown to reduce the efficiency of devices 

[2]. To avoid these internal fields, GaN can be grown along the [112̅0] (a-axis) and [11̅00] (m-axis), 

which lie perpendicular to the c-axis and consequently possess no polarisation field [3]. The non-polar 

planes do not therefore suffer from internal electrostatic fields but since the c-axis also defines the 

optic axis of the wurtzite crystal structure, a-plane and m-plane GaN exhibit birefringence. This leads 

to a polarisation-dependent anisotropy in the dielectric properties that has been the focus of recent 

studies in the optical [4,5] and mid-infrared [6,7] spectral regions. The characterisation of the 

dielectric properties of non-polar GaN within the terahertz regime is however lacking, despite a great 

deal of recent interest in its use in the development of optoelectronic devices within this spectral range 

[8-10]. 

 Here we report on the characterisation of the dielectric properties of both a-plane and m-plane 

GaN wafers in the spectral region from 0.5 – 5.0 THz, using terahertz time-domain spectroscopy. 

Terahertz radiation was generated using 50 fs laser pulses incident on a gallium arsenide 

photoconductive antenna and aligned through a 4F confocal geometry of parabolic mirrors, creating 

focal spots at the sample position and at a 400 μm thick gallium phosphide crystal in a standard 

electro-optic detection scheme. The wafers were commercially-available, semi-insulating a-plane and 

m-plane GaN crystals, grown by hydride vapour phase epitaxy (Nanowin Ltd.), with a room 

temperature resistivity of greater than 10
6
 .cm and thicknesses of 284 μm and 298 μm respectively. 

They were attached over an aperture in a rotation mount to allow measurement of the transmitted 

terahertz electric field (E) polarised both parallel and perpendicular to the c-axis. By taking a 

corresponding reference measurement through an identical clear aperture, the complex transmission 

function for both a-plane and m-plane GaN was determined, enabling extraction of the refractive 

index and absorption coefficient. 

 Figure 1 shows the refractive index of m-

plane GaN and as expected for a positive, uniaxial 

crystal, the extraordinary refractive index (E ∥ c) 

was greater than the ordinary refractive index 

(E ⊥ c), with a difference of 0.18 across the 

measured frequency range. The results were well-

fitted with a pseudo-harmonic approximation of the 

phonon contribution to the dielectric function, using 

phonon frequencies obtained from Raman 

scattering measurements. Furthermore, with an 

absorption coefficient below 10 cm
-1

 and an 

average transmission of greater than 50% across the 

measured frequency range for both a-plane and m-

plane wafers, we have demonstrated the potential 

for their use in future terahertz optoelectronic 

devices. 
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InAlN is an important material system used in many applications including InAlN/GaN high electron mobility 

transistors, InAlN/GaN Bragg reflectors, InAlN-based photodetectors and more recently as the active region in light 

emitting structures [1]. Despite this, a significant discrepancy exists in the bandgaps reported for even the most 

studied and technologically relevant compositions, around the lattice matched to GaN condition (~17%). To 

estimate bandgap across the whole composition range accurately, a detailed data set for the lowest indium content 

region is needed, but has been unavailable, mainly due to the difficulty in preparing highly tensile, strained InAlN 

on GaN templates. Recently InAlN epitaxial layers grown on AlN by MOVPE at different temperatures were 

investigated and their bandgap Eg was determined by means of photoluminescence excitation spectroscopy (PLE) 

[2]. Here we describe recent, further developments in this study and comparison of the results to the previously 

available data. 

Initially the composition dependent bowing parameter b(x) was determined from the Eg(x) data using the 

standard expression:   ( )            ( )   (   )  (   )      . Then, combining our low indium content 

data to the values of b(x) previously available from literature [3] for x > 8% (Fig. 1), we have managed to obtain an 

empirical expression shown in the figure for the InAlN bandgap bowing parameter describing well data across the 

entire composition range. 

Using endpoints        and        from the literature (0.65 eV for InN [4] and 6.015 eV for AlN [5]) we 

obtained a good bandgap fit for low and high indium content InAlN with a reasonable compromise between the 

rather scattered data around compositions lattice matched to GaN (Fig. 2). 
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Fig. 1. – InAlN bandgap bowing parameter as a function of In 

content. 
Fig. 2. – InAlN bandgap as a function of In content. 

To investigate further, we measured temperature dependence of the InAlN absorption edge of the low indium 

content samples. It was found that InAlN bandgap shift ∆Eg = Eg(10 K)–Eg(300 K) does not change monotonically 



between AlN and InN, but that ∆Eg initially increases from the 89 meV value of pure AlN, measured using 

absorption of a specially designed sample, to a value in excess of 110 meV (Fig. 3). The data in this range is 

challenging to examine due to the impact of valence band interactions (leading to the use of double sigmoidal fits for 

xIn<0.01 and single sigmoidal analysis otherwise as shown in Fig. 4). However, the trend to increasing temperature 

dependent bandgap shrinkage for these low In content samples is clear, both from the rise in ∆Eg in the range 

0.0022≤xIn≤0.0042 for which a good double sigmoid fit is made, and also from PLE data taken at intermediate 

temperatures.  

0.1 1 10 100
40

50

60

70

80

90

100

110

120

130

InN [6]

AlN (this work)

 

E
g
, 

1
0
 K

- 
E

g
, 

3
0
0
 K

 (
m

eV
)

x
In
 (%)

 

4.0 4.4 4.8 5.2 5.6 6.0

10
-4

10
-3

10
-2

10
-1

 exp, x = 0.22%

 2Sigm. fit

 exp, x = 7.2%

 1Sigm. fit

 

I P
L
 (

ar
b

. 
u

n
.)

h (eV)  
Fig. 3. – Composition dependence of InAlN temperature 

bandgap shrinkage between 10 K and 300 K 
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Fig. 4. – Typical PLE spectra of InAlN/AlN samples and their 

fit using single and double sigmoidal expression.  

This behaviour is unlike that reported for other III-nitrides [7], nor can it be explained by the reported bandgap 

shrinkage observed for dilute nitrides (e.g. GaAsN). While such dilute nitrides also exhibit strong bandgap non-

parabolicity with composition, this is typically also associated with a reduction rather than increase in the bandgap 

shrinkage with temperature [8]. This unexpected behaviour is currently unexplained but it is another evidence of 

unusual behaviour of the InAlN alloy and its difference from other III-nitrides materials. 
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GaN/InGaN core shell based nanorods (NRs) are promising for optoelectronic applications 

thanks to the absence of polarization-related electric fields,1 a lower defect density, a larger emission 

volume2 and strain relaxation at the free surfaces.3 In particular, the growth of high-quality thick 

InGaN layers on the non-polar surfaces of core-shell structures could be a solution to overcome 

efficiency droop in III-Nitride LEDs. The increase in the active volume that results from using a thick 

InGaN layer will have the effect of reducing the average carrier density for a given injection current 

and thus reduce Auger recombination. Therefore, all these advantages as well as the potential to 

improve light extraction efficiency4,5 and absorption6 have stimulated the interest on GaN NRs for 

light emitting diodes, laser diodes, solar-cells and other applications, including photodetectors and 

water-splitting. 

 

 In this work, the morphology evolution of the InGaN shell grown on non-polar m-plane GaN 

facets is investigated as a function of the thickness. First, etched GaN NR arrays are obtained by 

etching a GaN 2D layer down to the silicon substrate.7,8 Second, a metal organic vapor phase epitaxy 

(MOVPE) GaN regrowth step was performed to recover the m-plane and semi-polar plane facets.9 

Finally, thick InGaN growth is performed at three different growth times, with and without a GaN 

capping layer. 

 

Scanning electron microscopy and transmission electron microscopy reveal a change in 

morphology from a two dimensional growth mode to three dimensional striated growth without any 

additional defect formation. The Indium distribution determined with spatially-resolved energy-

dispersive X-ray spectroscopy measurements demonstrate Indium fluctuations along the [10-10] 

direction, with low and high Indium composition respectively associated with the 2D and 3D layer; 

and secondly, fluctuations, along the [0001] direction, highly correlated with the change in 

morphology. Finally, high-resolution transmission electron microscopy indicated the presence of 

atomic steps at the GaN/InGaN core-shell interface which are suggested to trigger small Indium 

fluctuations along [0001]. The origin and the impact of atomic steps on the InGaN growth mode of 

thick layers by seemingly nucleating an elastic relaxation process rather than a plastic one will be 

discussed.  

 

In conclusion, this study demonstrates that the employed fabrication process of GaN NRs, 

which results in a +c-miscut, can be employed to avoid misfit dislocation generation during the 

growth of thicker InGaN shell layers, contrary to the thick InGaN shell grown on selective area grown 

NRs, opening the possibility of growing light emitting diodes with emissive layers thick enough to 

mitigate efficiency droop. 

 



 
Figure 1. SEM pictures of GaN/InGaN core-shell structures grown by MOVPE without any GaN 

capping layer for: (a) 2 min, (b) 6 min and (c) 18 min of InGaN growth. The insets show plan-view 

SEM pictures of the same samples. High magnification SEM pictures of the m-plane facets for: (d) 2 

min, (e) 6 min and (f) 18 min InGaN shell growth.    

 

 

 
Figure 2. TEM pictures recorded along the [11-20] zone axis of GaN/InGaN core-shell structures 

grown by MOVPE with a GaN capping layer for: (a) 2 min, (b) 6 min, (c) 18 min InGaN growth. The 

red dashed rectangle indicates the area where EDX spectra were acquired. (d) Higher magnification 

TEM pictures showing the various layers in detail. 

 



 
Figure 3. Indium content map obtained by EDX on GaN/InGaN core-shell structures grown by 

MOVPE with a GaN capping layer for: (a) 2 min, (b) 6 min, (c) 18 min InGaN growth. 
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The shape of the sidewall of the nanorods in etched arrays has been shown to be critical to 

exploiting strong photonic crystal behaviour for the formation of Bloch modes.  A quasi-suspended 

photonic crystal slab can be formed by an area of higher dielectric fill at the top of the nanorods, 

creating an optical waveguide [1].  Dry etching can be used to shape the sidewalls, but it is 

constrained to certain geometries and cannot create abrupt interfaces for strong optical confinement. 

In GaN, a hot potassium hydroxide (KOH) solution provides an anisotropic etch, highly selective 

to non-polar facets over c-plane facets.  As a result, it is often used to smooth vertical features after 

dry etching of c-plane GaN, for example for forming reflective laser facets.  Etching of GaN for large 

features has been shown possible using photo-assisted etching with biased electrodes, using UV 

illumination via mercury lamps to create electron-hole pairs in the GaN; the holes are for assisting 

with oxidation of the GaN and the paired electrons are removed via the anode.  More recently, this has 

been achieved without electrodes, using an oxidiser such as potassium persulphate (K2S2O8) in the 

solution in place.  Due to band-bending at the non-polar surfaces creating a depletion region in doped 

GaN, holes are not available for the etch mechanism in p-type GaN and so etching is inhibited without 

additional measures.  As a result, it is possible to perform a lateral etch in c-plane GaN, which is 

selective of n-type over p-type[2]. Electrode-less photo-electrochemical (ElPEC) etching is 

investigated to shape nanorods for high optical confinement to exploit strong photonic crystal effects. 

GaN on sapphire templates with a single quantum well (QW) were patterned with a 600nm pitch 

hexagonal lattice using nano-imprint lithography and ICP etched to produce nanorods ~1200nm high 

with a diameter of ~300nm.  ElPEC etching is performed using a high power array of UV (~365nm) 

LEDs, and the effect of solution concentration and illumination intensity on the resulting structures is 

reported.  Selective etching of n-doped GaN in nanorods is shown to be possible without excessive 

etching of the InGaN quantum disc or higher energy (<310nm) UV light present in a mercury source.  

An optimised ElPEC etch process after a simple dry etch shows potential as an alternative to 

exclusively dry etching for shaping nanorod arrays. 
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The growth of highly conductive n-AlGaN layers is one of the major challenges that need to be 
addressed in order to realise efficient LEDs emitting in the ultraviolet region, and this challenge 
becomes even harder as the aluminium content increases, as is required for devices emitting in the 
UVC range. 

For this reason, the MOVPE growth of silicon-doped AlGaN materials by use of different silane (Si1H4) 
or disilane (Si2H6) flows into the reactor has been studied in the past by a few different groups [1-4]. 
More recently, Mehnke et al. have found the existence of an optimum, concentration-dependent 
Si/III ratio [5], but so far no physical explanation of this trend has been proposed. 

With the aim of gaining better insight into this topic, we performed a set of temperature dependent 
Hall measurements of silicon doped AlGaN materials grown with different disilane flows in the range 
of 0.25 to 3.0 sccm (corresponding to a molar ratio Si/III in the range 0.28—3.35 x 10-4) for 60% and 
85% AlGaN materials. 

For the 60% AlN content samples, apart from those that were heavily overdoped for which it was 
not possible to get any conductivity at temperatures lower than 150 K, the clear presence not only of 
thermally activated carriers, but also of an impurity band conduction which became dominant at 
very low temperatures but whose contribution was important even at higher temperatures was 
found (see Fig. 1). The transition between the two regimes is characterised by a typical carrier 
concentration dip around 100—150 K. 

 
Fig. 1: Variation of carrier concentration with Temperature for Al0.6Ga0.4N with different Si doping 

concentrations. 
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As shown in Fig. 2, for the samples close to the optimum condition (0.5—1.0 sccm), the resistivity of 
the AlGaN remains quite stable with increasing disilane flow as a result of a trade-off between 
carrier concentration and mobility which increase and reduce, respectively. It is also noted that the 
change in resistivity with temperature at around 300 K is quite low under optimal doping conditions.  
At lower temperatures the increase in resistivity is due to the reduced mobility of the mini-band 
conduction path.  For the overdoped samples the both carrier concentration and mobility fall 
indicative of the formation of significant deep centre complexes and associated carrier scattering. 

 
Fig. 2: Variation of resistivity with Temperature for Al0.6Ga0.4N with different Si doping concentrations 

A detailed analysis of the results, together with an outline of further investigations on Al0.85Ga0.15N 
material will be presented in this contribution. 
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A review of recent developments on device engineering and applications of interband tunnel junctions 

for next-generation III-Nitride optoelectronic devices will be presented. Tunnel junctions can enable significant 

improvements in the efficiency of visible and ultraviolet emitters, and enable new device functionality for visible 

and ultraviolet emitters. Multiple active region LEDs cascaded using tunnel junctions could enable a solution to 

the efficiency droop problem by enabling high power emitters at low current density [1], and overcome intrinsic 

p-type doping problems in ultra wide band gap AlGaN ultraviolet emitters. 

Interband tunnel junctions in wide band gap materials are intrinsically challenging due to the large 

band gaps and low tunneling probability, but developments in the last few years have led to highly efficient 

tunnel junctions that can enable a new class of III-nitride optoelectronic devices. We will discuss methods to 

enable highly efficient interband tunnel diodes to overcome the large band gap and intrinsic low tunneling 

probability encountered in GaN and AlGaN materials. Polarization engineering [2] can be used to create large 

dipole charges and electric fields that can enhance tunneling across III-Nitride PN junctions, enabling 

low-resistance GaN and AlGaN tunnel junctions. We will discuss our recent work on GaN tunnel homojunctions 

based on extreme doping profiles that enable record low tunnel junction resistance. Demonstration of record low 

resistance tunnel junction injected light emitting diodes for visible LEDs [3], and recent results demonstrating 

3-junction multiple active region LEDs [4] with low resistance losses using tunnel junctions will be discussed. 

Finally, we will present recent results on tunnel junctions for ultra wide band gap materials, and describe the first 

demonstration of interband tunnel junctions in AlGaN-based ultraviolet emitters with sub-300 nm emission 

wavelengths [5].  

This work was funded by Office of Naval Research (Program manager: Paul Maki), and the National 

Science Foundation. 
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Interest in semi-polar III-nitride materials is increasing due to the potential of superior optical performance 

compared to polar c-plane. Of the various semi-polar orientations investigated (11-22) is of particular interest 

due to not only the reduced piezoelectric fields compared to c-plane but also a significantly increased indium 

incorporation, allowing the development of high efficiency longer wavelength LEDs and Lasers. Many 

challenges exist in improving the crystal quality of semi-polar III-nitrides grown on cost effective sapphire 

substrates, our group has recently demonstrated significant improvements in the crystal quality of (11-22) 

semi-polar GaN on sapphire using a micro-rod overgrowth approach. Using such templates grown with this 

technique, a series of high indium composition InGaN/InGaN single quantum well LED structures have been 

grown, with bright emission through the blue to orange spectral regions. The use of our micro-rod 

overgrowth technique has been shown to significantly suppress the propagation and density of defects in 

the overlying LED structures. The influence of different types of defects on the optical properties of these 

(11-22) quantum well structures still requires further investigation, specifically the influence of basal plane 

stacking faults (BSFs). 

In this work, high spatial resolution confocal photoluminescence mapping measurements were used to 

investigate influence of localized clusters of stacking faults on the optical properties of the quantum wells. 

TEM measurements indicate that the micro-rod template is effective in blocking propagation of BSFs from 

the template. The blocking leads to areas with very low BSF density with small clusters of BSFs localized in 

periodic arrays on the micron scale. Confocal photoluminescence mapping studies of these samples show 

that there is only a small difference in PL intensity between the BSF free regions and higher BSF density 

clusters, demonstrating that the BSFs are not acting as non-radiative centres. A lower energy shoulder peak 

is also observed at the higher BSF density clusters leading to an increase in the photoluminescence centre of 

mass wavelength as seen in Figure 1. It is therefore proposed that further reduction of BSF density in these 

LED materials is not expected to lead to significantly enhanced efficiency, but may be important in controlling 

the emission linewidth of these semi-polar LEDs. 

 

  

Figure 1: Confocal PL map showing centre of mass wavelength as a function of position. PL spectra taken on the BSF 
related stripe, on the stripe at a higher BSF density cluster and off the stripe in a low BSF density region.  
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1. Introduction 

Semi- or and non-polar III-nitrides are becoming increasingly interesting as a result of  their advantages 

of reducing or eliminating the spontaneous and piezoelectric polarizations.1 Among these planes, the 

(11-22) semi-polar surface exhibits higher indium incorporation efficiency than the non-polar or polar 

surface (i.e., c-plane),2 favoring the growth of ternary InGaN with high indium content. Both advantages 

make GaN growth along semi-polar (11-22) orientation be a most promising candidate for green and 

yellow light emitting diodes (LEDs). However, due to the lack of suitable substrates, (11-22) semi-polar 

GaN on industry-preferred substrates, such as sapphire, usually contains a high density of defects, 

including basal stacking faults (BSFs) and associated partial dislocations. Recently, our group has 

successfully achieved (11-22) semi-polar GaN with significantly enhanced crystal quality on sapphire 

by developing a cost-effective approach of an overgrowth on regularly-arrayed micro-rod templates, 

where the diameter of micro-rods can be accurately controlled. In this presentation, we will demonstrate 

high crystal quality (11-22) GaN and then InGaN based LEDs grown on such GaN templates, emitting 

strong green, yellow, yellow-green and amber emission. Furthermore, the mechanisms of the 

overgrowth and defect reduction will be explored in detail. 

2. Experiments 

Micro-rod array structures (Figure 1) are fabricated by a standard photolithography patterning process 

and subsequent dry etching techniques on single (11-22) GaN layers on 

m-plane sapphire which are grown using our high temperature AlN buffer 

approach by metal organic chemical vapor deposition (MOCVD). Then, 

an overgrowth with a thickness of 4 μm is carried out on the semi-polar 

GaN micro-rod arrays by MOCVD. On such overgrown GaN templates, 

four InGaN single quantum well LEDs with different indium 

compositions have been grown. Finally, all the LEDs are fabricated with 

a 0.330.33 mm2 mesa size.  

3. Results and discussion 

Our cross-sectional TEM studies (Figure 2a) shows the density of 

dislocations in the overgrown GaN is significantly decreased 

compared to the GaN micro-rods underneath SiO2 masks. In 

addition to blocking by the SiO2 and the twice coalescence 

processes. TEM measurements indicate a dislocation density 

ranging from 1 to 4×108/cm2and a BSF density of 1 to 4×104/cm, 

respectively. XRD rocking curves measured along the on-axis 

direction show that full-width-at-maximums (FWHMs) are 

around 330 arcsec and 250 arcsec at 0o and 90o azimuth angle, 

respectively (Figure 2b). These demonstrate an excellent crystal 

quality of our (11-22) GaN, approaching the crystal quality of 

current c-plane GaN on sapphire for the growth of ultra-high 

brightness blue LEDs. Moreover, a model is built up to 

demonstrate the influence of the pattern on the defect reduction in 

order to further improve crystal quality. 

Figure 1  

Figure 2 



Figure 2 shows a series of Electroluminescence (EL) images for the four LEDs, each taken at 5, 20, 100 

mA, respectively, demonstrating bright emissions in green, yellow-

green, yellow and amber spectra regions, respectively. On-wafer 

measurements yield a linear increase in light power with increasing 

injection current. It is found that the line-width of the EL spectra 

becomes broader as the emission light moves towards long 

wavelength (Figure 3a), indicating that higher indium composition 

leads to more significant indium segregation. With increasing the 

current from 1 to 100 mA, the blue-shift for the green (11-22) LED, 

is only 8 nm. The blue-shift slightly increases to 15 nm and 19 nm 

for the yellow-green and yellow LEDs, respectively. For 

comparison, the blue-shift of a green LED on c-plane is typically 

about 13 nm. It suggests that the QCSEs in our (11-22) LEDs are 

effectively suppressed. The EQEs for all the four LEDs increases 

with increasing the current and reaches maximum at 10-20 mA, then 

decrease slowly, which is greatly reduce compared to a c-plane green LED. It demonstrates that the 

efficiency-droop issue could be potentially 

reduced through growth and fabrication of (11-

22) semi-polar LEDs. Furthermore, Figure 

3(b) shows the typical current–voltage curves 

for all the four LEDs, displaying a standard 

behaviour of InGaN/GaN based LEDs with a 

typical turn-on voltage of 3.0-3.4 V at 20 mA 

injection current for the green, yellow-green 

and yellow LEDs, which are comparable to c-

plane InGaN based LEDs. For the amber LED, 

the voltage at 20 mA is relatively higher, 

which might be related to the growth of p-

type GaN.  

4. Conclusion 

We have demonstrated high crystal quality semi-polar (11-22) GaN on m-plane sapphire by developing 

a cost-effective approach of overgrowth on regularly arrayed micro-rod arrays. TEM and XRD 

measurements show that the crystal quality of our semipolar GaN has approached that of current c-

plane GaN on sapphire for growth of ultra-high brightness blue LEDs. Furthermore, semi-polar (11-22) 

InGaN LEDs on our semipolar GaN templates with a wide spectral region of up to amber have been 

demonstrated, deomonstrating major advantages of semipolar LEDs compared with current c-plane 

LEDs in terms of suppressing  the QCSE, reducing efficiency droop and resolving the "green and 

yellow" gap issues. The preliminary results suggest that our overgrowth technology is a potentially cost-

effective approach to achieving semi-polar GaN emitters with high performance in the long wavelength 

region, such as green or yellow region.  
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Visible light communication using InGaN light sources colour-converted with colloidal quantum dot 
structures is reported. Free-space data transmission up to 500 Mb/s is demonstrated. 

Semiconductor nanocrystals, or colloidal quantum dots (CQDs), can act as efficient downconverters 
for InGaN sources, e.g. LEDs [1]. Advantages of CQDs over other types of converting phosphors for 
this utilisation include their soft-material processing capabilities, their narrow linewidth 
photoluminescence (PL) and the fine colour tunability. In turn, CQDs can be combined with blue 
InGaN LEDs for high performance white light sources having high colour quality [1], and for 
enabling a wide gamut display technology that is found in CQD-enhanced LCD screens. Applications 
of InGaN-based light sources other than lighting and displays are also emerging. One of these is 
visible light communications (VLC), which exploits the relatively high bandwidth of InGaN lasers 
and/or LEDs in order to transmit data over free space or, in some instances, through fibre and 
waveguide systems. Here again, CQDs can enable both white and single-colour sources with 
attractive characteristics. Narrow emission for example will facilitate implementation of wavelength 
division multiplexing. In addition, CQDs have shorter PL lifetime than the rare-earth phosphors 
commonly used in commercial LEDs, and are therefore more suited to VLC [2].  

In this work, we explore two formats of CQD colour-converters for blue-emitting InGaN sources. The 
CQDs are alloyed-core CdSeS/ZnS structure with a 6nm nominal diameter and emission in the green 
(540nm), yellow (575nm) and red (630nm). In the solid state, the photoluminescence quantum 
efficiency is 62%, 54% and 18% for the green, yellow and red CQDs respectively. The first format of 
converter consists of a polymeric composite film that incorporates the CQDs at weight concentrations 
of 1% and 10 %. Nanocomposite films with thickness of 1.2 mm were fabricated (see Fig. 1(a)) and 
the effect of the CQD concentration on the static and dynamic PL characteristics will be discussed. 
The second format of converter utilises CQDs in neat form that are encapsulated with flexible glass. 
For this, a 30µm-thick glass sheet was diced into 2 x 2 cm2 membranes. A CQD/chloroform solution 

Fig. 1. (a) Red CQD composite converters, and (b), 
(c) and (d), Flexi-glass CQD converters  

Fig. 2. Free-space transmission; BER vs 
data rate for different modulation schemes 

(a)	   (b)	  

(c)	   (d)	  

5	  mm	  



was drop coated onto one glass membrane and a second membrane was then added to seal the CQD 
structure. The final flexi-glass CQD colour-converting structures are thin enough to retain flexibility 
(see Fig. 1(b) and (d)).   

Both the composite and flexi-glass colour-converters can be placed in contact with an InGaN source 
or, alternatively, remotely pumped. A 450nm microLEDs was used as the blue InGaN source in our 
experiments. The forward power conversion efficiency was measured to be up to 14% depending on 
the wavelength, the type and the concentration of the converters. We note that there is room for 
improvement as no light extraction features were utilised. One way to incorporate such feature would 
be to directly patterned the CQDs by soft-lithography, e.g. with grating structures [3-4]. 

The -3dB optical modulation bandwidth of the CQD converters is comprised between 10 MHz and 
30 MHz, again depending on the exact converter parameters. In turn, we demonstrate free-space data 
transmission ranging from 200 Mb/s up to 500 Mb/s per wavelength using pulse amplitude 
modulation (PAM) or orthogonal frequency division multiplexing (OFDM) and considering a forward 
error correction (FEC) limit of 3.8x10-3. For the experiment, the 450nm microLED was modulated 
around a DC-biased point and the converted light from the CQD structures was detected by an 
avalanche photodiode. Otherwise, details of the experimental set-up are similar to what is described in 
[5]. Figure 2 represents the data for the red CQD composite. For all the above CQD samples, under 
the same conditions, PAM leads to superior data rates than OFDM.  

In conclusion, we report two formats of CQD downconverters for use with InGaN optical sources and 
demonstrate free space VLC with data rates up to 500 Mb/s per wavelength. 
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GaN light-emitting diodes (LEDs) can be modulated at high speeds of typically a few 

tens of MHz. If the LED size is reduced to below 100×100 µm, the modulation 

capability is further enhanced to above 100 MHz and also the generation of 

picosecond optical pulses is possible [1,2]. This is due to the small capacitance and 

high current density handling capability of such micro-LEDs. Here, we report our 

recent progress on harnessing this speed in arrays of micro-LEDs where each element 

has its own electronic driver. 

We operate arrays of 16×16 micro-LEDs at a 100 µm pitch at a frame update rate of 

2 kfps. See Figure 1 for a micrograph of such a device. The framerate is currently 

limited by the electronic driver circuit and in the future it will be possible to operate 

larger arrays at up to 1 Mfps. These devices are applied to imaging with so-called 

single-pixel cameras and to indoors positioning systems with millisecond time 

resolution. Both applications are enabled by projecting temporal sequences of suitable 

spatial illumination patterns onto the illuminated scene. 

As a particular example of an application it is shown how the positioning capability 

can be used in an optical wireless network where up to 16 connected users receive 

parallel data streams at an aggregate data rate of 1.2 Gb/s. 

This work is funded by EPSRC under the grant EP/M01326X/1 “QuantIC”. 
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Figure 1: Micrograph of a 16×16 LED array for 

structured illumination. 
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The use of Gallium-nitride-based light-emitting diodes for simultaneous illumination and data 

transmission (which has been referred to as “Li-Fi”) is an area of research that has attracted a great 

deal of interest in recent years. This technology opens up the visible spectrum for use in wireless 

communications, supplementing existing radio-frequency (RF) wireless communications and can help 

meet the ever-growing demand for wireless data communication. 

Although typical off-the-shelf LEDs have relatively low modulation bandwidths, of the order of 10-

20 MHz, data transmission rates over 1 Gb/s have been achieved by the use of spectrally-efficient, 

though relatively complex, modulation schemes [1]. Micro-LEDs, devices with individually-

addressable LED pixels with dimensions < 100 µm, have been reported with modulation bandwidths 

an order of magnitude higher than their off-the-shelf counterparts [2], which has been attributed to 

their low device capacitance and operating current densities.  

Using such micro-LEDs, data rates of 3 Gb/s over free space [3] and 10 Gb/s bi-directional 

transmission over polymer fibre [4] have previously been reported. However, these demonstrations 

used single pixels from their respective micro-LED arrays, and did not utilise the multi-pixel array-

nature of these devices. Here we report on a complete integrated system, comprising of micro-LED 

arrays, a complementary metal-oxide-semiconductor (CMOS) LED driver chip, and a CMOS-based 

avalanche photodiode (APD) array. This allows each pixel in the micro-LED to be individually-

controlled in a flexible fashion. Each micro-LED can either be used to transmit the same data, in order 

to increase the transmitted power (“ganging” configuration), or different pixels can simultaneously 

transmit independent data streams (“MIMO”), whilst retaining compatibility with any optical 

modulation scheme. Similarly, at the receiver, a 3×3 array of high-speed APDs can either be read out 

independently, or have their inputs summed together. We will present recent results using this system 

showing data transmission rates exceeding 1 Gb/s over 1 m of free space. This represents an important 

milestone towards a scalable, flexible and high-speed integrated VLC system. 
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Abstract 
 

 Electrical metrology based on corona charge surface biasing 

and Kelvin-probe measurement of surface voltage is a 

powerful approach, proven in production during silicon IC 

manufacturing [1]. 

 

 In this work we discuss the extension of “corona-Kelvin” 

metrology to wide-gap semiconductors such as, AlGaN and 

SiC.  A significant advantage compared to silicon GaN is an 

excellent retention of corona charge on surfaces of wide-gap 

semiconductors.  This expands the applications to bare wafers 

enabling the use of “corona-Kelvin” not only as a replacement 

for MOS characterization but also as a non-contact 

replacement for Schottkey diode characterization including 

mercury probe C-V.  We demonstrate such capability using a 

novel, very accurate dopant density determination and dopant 

profiling in epitaxial SiC and GaN achieved due to 

development of constant surface potential corona charging [2]. 

Compared to the capacitance voltage measurement, the 

corona-Kelvin measurement makes use of three variables 

(Q,V,C) i.e. the surface charge density, Q, deposited by 

corona; the surface voltage, V, measured by a Kelvin probe, 

and the differential capacitance determined from charge and 

voltage increments C=Q/V.  With an example of 

AlGaN/GaN heterostructures we demonstrate direct 

determination of the two dimensional electron gas 2DEG sheet 

charge using a unique capacitance-charge C-Q characteristic.  

The carrier concentration profiles of 2DEG within a 

heterostructure is determined in corona-Kelvin using the static 

C-V characteristics.  Results are presented comparing 

corona-Kelvin with standard Hg-probe measurement. 

 

 Dielectric and interface characterization is demonstrated for 

GaN and SiC epitaxial layers coated with dielectric films.  

Corona-Kelvin provides the oxide equivalent dielectric 

thickness EOT; the total dielectric charge, Qtot; the flatband 

voltage, VFB, and the spectrum of interface trap density, Dit in 

the energy gap up to about 1eV from the band edge.  

Corona-Kelvin is equivalent to very low frequency 

measurement (0.5Hz and less), and therefore enables the 

observation of slow processes of charge exchange between a 

semiconductor, and the traps located in the dielectric, referred 

to as border traps.  

 

 Non-contact electrical characterization includes 

Kelvin-probe surface voltage mapping, SVM, which is used 

for fast wafer inspection [3].  In combination with whole wafer 

corona charging to deep depletion, the SVM provides a unique 

means to identify localized defect spots causing a leakage 

current in the deep depletion layer.   

 

 

Keywords: Non-contact, surface voltage, Kelvin probe, 

corona charge 
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AlGaN/GaN HEMTs are a disruptive technology in the high-power microwave amplifier field, enabling 

increased power density with respect to pre-existing technologies, including GaAs pHEMTs. Although 

the reliability of this technology is now proven, operation is typically de-rated to ensure that 

parameters remain within a safe operating area. One such critical parameter is channel temperature, 

which is usually kept below ~200°C to ensure stable long term operation; this must be taken into 

account when designing microwave integrated circuits. In order to increase the operating power 

density, but not increase the channel temperature, improved thermal management must be 

developed, in particular close to the channel where Joule heating is generated. A logical approach is 

to replace the standard SiC substrate used for high power applications, having a thermal conductivity 

of 420 W/mK, with the highest thermal conductivity material available, diamond. A process has been 

developed at Element 6 to achieve this: The substrate is removed from an existing AlGaN/GaN wafer 

and polycrystalline microwave CVD diamond is grown on the back side of the GaN layer after 

depositing a thin nitride layer. The GaN-on-diamond wafers up to 4” diameter have been produced 

using this process, maintaining the electrical properties of the initial wafers 

In this work we investigate the thermal properties of the interface between the GaN layer and the 

diamond substrate, which could be a potential effective thermal barrier resistance (TBReff). 

Measurements of the GaN-on-diamond wafer thermal properties have been made using a non-

contact thermoreflectance technique developed recently for this material system (Fig. 1), enabling 

fast screening of wafers without the need for depositing transducers or device structures before 

measurements; this enables the feedback of the material properties to fabricators to guide process 

tuning and importantly, allows subsequent device fabrication. The thermal properties of GaN-on-

diamond wafers have been characterised over a temperature range encompassing transistor 

operation, as shown in Fig. 2:  the thermal resistance of the GaN/diamond interface decreases with 

temperature, attributed to the increasing thermal conductivity of the amorphous nitride interlayer. 

Both the thermal boundary resistance and effective diamond thermal conductivity are consistent with 

theoretical predictions. Figure 3 shows the result of thermal resistance mapping across a GaN-on-

diamond wafer, shown the uniformity of processing. Measured TBReff values were unchanged after 

temperature cycling to 950°C, demonstrating the thermomechanical robustness of the GaN/diamond 

interface. Figure 4 illustrates a comparison between the simulated thermal resistance of a GaN HEMT 

microwave amplifier on a SiC substrate (benchmark) and diamond, showing that the measured GaN-

on-diamond wafer thermal properties enable a >3× increase in RF power density with respect to GaN-

on-SiC technology. 

Acknowledgement: We are grateful to Element 6 (D. Francis and D. Twitchen) for supplying GaN-on-

diamond wafer samples. 



 

 

 

Figure 1:  Schematic representation of the non-

contact transient thermoreflectance technique 

developed here. An above bandgap nanosecond 

pulsed laser heats the GaN surface, while a CW 

below bandgap laser monitors the transient surface 

temperature, exploiting the temperature 

dependency of the GaN refractive index: Both the 

thermal boundary resistance (TBReff) and diamond 

thermal conductivity are determined. 

Figure 2: (a) Temperature dependent GaN-on-

diamond thermal boundary resistance measured for 

two wafers, A with a higher diamond nucleation layer 

thermal resistance and B with an optimised lower 

diamond nucleation layer thermal resistance. The 

TBReff of wafer B is comparable to GaN-on-SiC. (b) 

Temperature dependence of the diamond substrate 

effective thermal conductivity, compared with SiC. 
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Figure 3: Map showing uniformity of the thermal 

resistance between the GaN layer and diamond 

substrate, measured across a 3 inch diameter GaN-

on-diamond wafer.  

Figure 4: Finite element thermal model, comparing 

the peak channel temperature rise in a 300×125μm 

GaN HEMT amplifier cell operated at power 

dissipation of 5 W/mm and increasing number of gate 

fingers (decreasing gate pitch). GaN-on-SiC is 

compared to GaN-on-diamond, considering a range of 

TBReff values. A >3× increase in power density can be 

achieved at a conservative maximum junction 

temperature (Tmax).  
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1. Introduction 

ALE (Atomic Layer Etch) as a technique that removes very thin layers of material precisely using 

sequential self-limiting reactions has been considered one of the most promising techniques for 

achieving the low process variability necessary in the atomic-scale era [1]. On the other hand, for last 

decade around, AlGaN/GaN based HFETs have attracted intensive investigation due to their 

applications in power electronics [2]. Recent device fabrication, e.g. integrated cascode type device, 

requires very precisely control for etching only a couple of nanometer materials [3]. In this work, an 

atomic layer etching process for etching group III nitrides has been developed based on a cycled 

procedure of Cl2 chlorination and argon plasma removal of the chlorides, which is suitable for 

fabricating devices based on III-nitrides, such as materials AlGaN, GaN, AlInN, AlN.  
 

2. Experiment and Results 

An Oxford Instrument PlasmaLab Inductively Coupled Plasma (ICP) etching system with repeat loop 

function has been used in this investigation. The etching chemistry was based on the formation of self-

limited Al, Ga and In chlorides on the sample surface in Cl2 gas or Cl2 plasma and followed by a 

removal step using Ar plasma at an optimized RF power level at which the plasma only remove the 

chlorides on the surface but not the nitrides underneath.  

 

The basic devices could be fabricated by this process have been shown in Fig. 1, where A on the left  

shows an e-mode device in a dual barrier structure for cascade type devices  and B on the right also 

shows a possible e-mode device fabricated on a normal d-mode structure materials. The materials 

etched were GaN, AlGaN, AlInN, or AlN based materials on Si wafer grown by MOCVD and patterned 

by Shipley photo resist S1818. 

 

Etching was investigated under various etching conditions including optimizing chlorination in Cl2 

plasma or Cl2 gas only, such as time of chlorination, gas flow rate, gas concentration, chamber pressure, 

and optimizing the Ar plasma removal, such as RF power, chamber pressure, and reaction time. Etched 

surface, etching depth and etching profile were characterised by AFM, SEM, and TEM. The two figures 

below showed some typical key parameter optimisations. Fig. 2 shows the effect of Ar plasma power on 

the etch rate for the chloride removal. Under the optimised condition, Ar plasma would only etch the 

chlorides but not the underneath III-nitrides. Fig. 3 shows the effect of the flow and the dilution of Cl2 

in Ar on the etch rate to achieve a stable and well controlled atomic layer etch process in the etch tool 

used here.  

 
 

 



                   
A: Dual barrier structures e-mode device       B: Gate recessed for e-mode device 

 

Fig. 1  Scheme of device fabrications requiring precision thin layer etching of III-nitrides 

 

 
 

Fig. 2  Effect of RF power on etch depth (fixed 30 cycles) at a fixed chlorination condition 

 

 
 

Fig. 3  Effcet of Cl2 flow and dilution in Ar with passing time of 1 sec (after etching for 120 cycles) 
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We demonstrate that mobility in the AlGaN/GaN 2DEG of AlGaN/GaN power devices can drop 

rapidly below pinch-off by a factor of as much as ∼80 from its value in the on state. The 2DEG 

mobility was extracted using an innovative method which, in contrast to traditional methods, can 

extend down to electron densities as low as 2×109 cm-2. This sharp drop in mobility below pinch-

off is due to Columbic scattering from ionized impurities [1]. We also demonstrate for the first 

time that in the sub-threshold regime the mobility becomes independent of electron concentration 

when the screening of impurities by the 2DEG becomes negligible.  

 

The devices studied were AlGaN/GaN HEMTs grown on Si substrates with an AlN exclusion layer to 

reduce the alloy scattering in the 2DEG. Mobility is extracted using the frequency dispersion of 

conductance in a FATFET capacitor structure of 200000 µm2 area with a long gate length of 200 µm. 

Hall mobility is 1765 cm2/Vs and electron concentration 6.50×1012 cm-2 at zero bias. For short channel 

length FETs dispersion is primarily from any interface traps [2] however when the interface state density 

is insignificant, as here (less than 5×1010 cm-2eV-1 for these structures), the distributed resistances are 

dominant [3], allowing the mobility to be extracted from large channel length FATFET devices. By 

creating an equivalent circuit model for the conductance response of the device at different frequencies, 

[3,4] the mobility can be used as a free parameter to fit the measured RC response. This approach 

provides a simple way to probe the mobility at the low electron densities present in the switching regime 

of power devices.  

 

Figure 1 shows the measured frequency dispersion of the conductance and how the characteristic 

frequency decreases and then becomes constant as the device is switched off. The prediction of our 

model is presented in figure 2, and is compared to the measured CV characteristic in figure 3. This 

simple 1D model has only one fitting parameter, the 2DEG mobility presented in figure 4. The mobility 

drops sharply as the 2DEG is depleted due to a loss in its ability to screen ionized impurities. This is 

consistent with other mobility studies on AlGaN/GaN HFETs [1,5] and studies performed on similar 

heterojunctions [6]. However for the first time we access the regime for channel densities of < 2 ×1010 

cm-2, where screening by the 2DEG becomes insignificant and the mobility is limited by the bare 

Coulomb scatterers.  

 

The limit of the mobility at low electron concentrations defines how fast the final carriers in the channel 

can be removed and consequently puts a limit on how fast a device can switch. This RC time constant 

is long for larger gate length devices such as those used as test structures. For the different devices the 

mobility level at low concentration is a measure of epitaxial quality in the GaN channel. A higher 

mobility value indicates better control of impurities at this layer. This parameter can be used to test and 

compare different epitaxial quality using a fast electrical method. 
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Figure 4: Extracted mobility for different devices 

demonstrating a drop as the channel is depleted due to 

reduced screening. The mobility reaches a constant value as 

screening of Coulombic scattering by the 2DEG becomes 

insignificant.  

 

  
Figure 2: Modelled 𝐺𝑚/𝜔 at different gate voltages. 

Mobility has been extracted from measurements in Fig. 1 

 

 
Figure 3: Measured and modelled capacitance at 1 kHz. 

Red points show where mobility has been extracted. 

 
Figure 1: Measured 𝐺𝑚/𝜔 at different gate voltages. 

Peak position (red points) falls and then becomes 

constant at -4 V, following the behavior of mobility. 
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AlGaN/GaN heterostructures have great potential for exploitation in the power electronics market due 

to their high room temperature electron mobility, large two-dimensional electron gas (2DEG) 

concentration and wide band gap [1]. To optimize the performance of such AlGaN/GaN high electron 

mobility transistors, however, requires precise measurements of the two-dimensional electron gas 

mobility, sheet concentration and electron effective mass. While microwave-based techniques have 

been developed [2] to enable the determination of the mobility and sheet carrier density, cyclotron 

resonance is the only noncontact technique able to provide a direct measurement of the carrier 

effective mass.  

 We report on a novel table-top terahertz (THz) magnetospectrometer developed to enable 

contactless measurements using cyclotron resonance absorption in magnetic fields of up to 30 T and 

its application to characterize the 2DEG confined within an AlGaN/GaN heterostructure. The use of 

high magnetic fields at national magnetic field facilities has previously been shown to enable precise 

measurement of the electron effective mass in the 2DEG, thus revealing information crucial for device 

design on the bandstructure at the heterointerface [3]. Our work enables such measurements to be 

laboratory based on a tabletop. The heterostructure studied here is made up of a 2.4 μm thick 

unintentionally-doped GaN channel region, a 1 nm mobility enhancement AlN layer, a 26 nm thick 

Al0.27Ga0.73N barrier layer, and a 2 nm thick GaN cap grown by metal-organic chemical-vapor 

deposition on 220 nm thick AlN layer on a c-plane sapphire substrate.  

 The magnetospectrometer uses an asynchronous optical sampling (ASOPS) THz 

spectrometer combined with a pulsed magnet capable of generating up to 31 T over a 10 ms duration 

pulse. The rapidly-varying magnetic field requires fast capturing of the THz spectrum, however THz 

time-domain spectrometers typically utilize manual scanning of an optical delay line which can take 

several minutes. The commercial ASOPS spectrometer uses two femtosecond pulsed lasers at a fixed 

frequency offset, Δf, an electronics control system and an interdigitated photoconductive antenna for 

THz generation (Taccor power lasers, TL-1000-ASOPS and Tera-SED, all Laser Quantum) [4]. THz 

spectra were captured on microsecond timescales at a repetition rate of (1/Δf), which equates to 

approximately 100 spectra during the magnetic field pulse.  

 Initial measurements were performed with pulsed magnetic fields of up to 13 T. The 

relationship between the cyclotron resonance absorption frequency and magnetic field allowed for the 

electron effective mass to be precisely determined according to f = eB / 2πm*. The complex 

transmission function, or the ratio of the THz frequency spectrum in a magnetic field to a reference, 

was then fitted with the Drude model to extract the sheet carrier concentration and scattering time, 

which is related to the electron mobility according to μ = eτ / m* [5]. A sheet carrier concentration of 

8 x 10
12

 cm
-2

 and a mobility of 9000 cm
2
/Vs were determined at 77 K. The in-plane electron effective 

mass also was determined to be (0.267 ± 0.002)m0. The implications of these results on device 

optimization will be discussed.  
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Applying substrate bias to GaN-based hetero-structure field effect transistor (HFET) structures is a powerful 
technique for characterising buffer layers [1]. It reveals significant differences in structures that show very good 
agreement when characterised in a traditional way. These observations can often be linked to unwanted effects like 
current collapse (CC) or vertical breakdown (vBD), which cause reliability problems. The interpretation of a substrate 
bias ramp measurement is therefore of great importance, in particular for the implementation of the technique into 
a commercial production line, but also to understand the charge mechanisms responsible, which have not been 
explained fully, to date. Since usually several concurrent effects overlay in such a measurement, it can be difficult to 
derive an immediate explanation of the charge effects. In this paper we give an overview on effects observed on 
different samples and how they relate to the detrimental phenomena CC and vBD. 

Monitoring the 2 dimensional electron gas (2DEG) current while applying a voltage to the conducting 
substrate of an HFET structure is how the substrate bias technique basically works. The voltage dropped vertically 
affects the internal electrical fields and this impacts the charge concentration in the 2DEG. Experimentally an 
ungated structure consisting of 2 ohmic contacts is used (see Fig. 1) with one contact biased at a low voltage to 
sense the 2DEG current and the conducting substrate being ramped towards high voltages. Figure 2 schematically 
shows what to expect from such a measurement for different buffer charging effects when ramping to negative 
substrate bias. If the whole buffer acts like a perfect insulator, 2DEG and substrate are capacitively coupled resulting 
in the straight line in Fig. 2. As soon as charges in the buffer are moving the curve bends either upwards indicating 
positive charging, which is holes injected from the 2DEG into the structure and neutralised when the substrate is 
ramped back to 0V due to the injection of electrons, or downwards corresponding to electron injection from the 
substrate, a layer starting to conduct or an increase of the capacitive area along a deep interface where lateral 
conduction is established in form of a 2 dimensional hole or electron gas. Negative charges affecting the 2DEG are 
not necessarily neutralised on the ramp back to 0V substrate bias and can cause severe reduction of current. Also 
some of the effects come with a large increase in vertical leakage currents. Figure 3 shows examples for capacitive 
coupling, positive charging and negative charging with the latter showing behaviour associated with strong current 
collapse. 

An overview of effects observed by the substrate bias technique is given. The occurring effects are explained 
and how they are linked to device reliability is pointed out. 
[1] M. J. Uren, et al., Appl. Phys. Lett., vol. 104, p. 263505, 2014. 
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Fig. 2. Schematic plot of 2DEG current vs. 
substrate voltage, showing how different 
charging effects alter substrate bias ramp 
measurements. 

Fig. 3. Normalised substrate bias ramp 
curves for 3 different HFET samples. 
Representing negative charging (black), 
capacitive coupling (red) and positive 
charging (green).  

Fig. 1. Experimental 
setup for substrate 
bias ramping. 



Simulation of Dynamic RON Dispersion in GaN Power Transistors 
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We examine the consequences of carbon doping in GaN-on-Si power transistors and show by 

simulation that dynamic RON reaches a maximum magnitude at about 150V drain bias before 

decreasing at higher bias. We also show that there that there are two characteristic time constants 

for the recovery despite there being only one active trap state. Both these predictions are observed 

experimentally[1] strongly suggesting that the basic mechanisms for buffer-induced dispersion in 

carbon doped devices are finally becoming understood.  

GaN power devices are being aggressively developed for mass market applications driven by the 

capability to deliver improved efficiency or higher operating frequency.  This is feasible because the 

GaN-on-Si platform is able to exploit the economy of scale offered by standard 6” or 8” foundries. 

However when targeted at the mainstream application niche of 600V operation, power devices have 

proved to be far more vulnerable to dynamic RON dispersion (an increase in device on-resistance 

following off-state bias stress) than the RF transistors now widely available. The reason for this 

serious vulnerability and the variability between processes has not been understood. 

Carbon is the GaN dopant of choice for power applications since it delivers higher breakdown 

voltage and lower leakage than the iron normally used in RF devices. The difference is that the CN 

acceptor pins the Fermi level in the valence band whereas Fe pins the Fermi level closer to the 

conduction band. The result is that the carbon doped buffer is floating with its potential defined by 

leakage primarily along a proportion of the dislocations[2]. This situation can only be simulated by 

not only including point defects/trap states but also adding appropriate leakage paths which mimic 

the experimentally observed leakage paths. 

Here we give two examples of the result of such a simulation.  Fig. 1 shows the off-state drain bias 

dependence of the reduction in on-state current. This reduction arises due to ionized acceptors at 

the top of the GaN:C region in the buffer. The turnover at 100-200V occurs because of the charge 

balance between the negative acceptor charge and the positive polarization charge once the 2DEG is 

depleted (Fig. 2), a RESURF effect [3]. The predicted recovery transient is shown in Fig. 3 and it can 

be seen that it is composed of two distinct contributions with a factor of 50 difference in time 

constant. The corresponding device cross-sections in Fig. 3 show that initially the hole current in the 

p-type GaN:C flows vertically cancelling out the vertical dipole, before flowing laterally as the charge 

dissipates to the contacts. This work indicates that simple analysis of transient spectroscopy to 

extract time constants does not necessarily directly indicate the presence of multiple trap states. In 

this case two orthogonal transport paths to the same active trap give two different time constants.  

This work was funded by the EPSERC PowerGaN project.    
[1] P. Moens, et al., "Impact of buffer leakage on intrinsic reliability of 650V AlGaN/GaN 

HEMTs," IEDM, 2015, accepted. 
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Trans. Elec. Dev., vol. 59, pp. 3327-3333, 2012. 
[3] M. J. Uren, et al., "Electric Field Reduction in C-Doped AlGaN/GaN on Si High Electron 

Mobility Transistors," IEEE Elec. Dev. Lett., vol. 36, pp. 826-828, 2015.  



 
Fig. 1. Simulated reduction in drain current following 
switching from off-state to on-state. Lines correspond 
to increasing on-state time. VGS=-5V in the off-state,  
VDS=1V, VGS=0V in the on-state. 
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Fig. 2. Device cross-sections in the off- state 
(VGS=−5V, VDS=200V). The layer structure is 0.3um 
UID GaN, 0.7um GaN:C, 3um AlGaN strain relief 
layer.  (a) Potential distribution showing resistive 
voltage drop in the GaN:C. (b) Trapped charge 
showing ionized acceptors and compensating 
donors at top and bottom of GaN:C.  

 
Fig. 3. Transient simulation, drain current and dID/dlog(t) as a function of log time after switching from off-
state at VDS=200V, VGS=-5V to on-state. Two characteristic recovery time constants seen. Lower plots show 
hole current density (current density scale is up to 10

−7
A/cm

2
) and demonstrate that the two peaks 

correspond to charge redistribution initially vertically to cancel out the dipole seen in Fig. 2b, and then 
laterally as holes flow from leakage paths under the contacts to neutralize the remaining ionized carbon 
acceptors. Only one active trap level is required for the explanation. 
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Due to their favorable characteristics, GaN based transistors are excellent candidates for 

power electronics and RF applications. Enhancement mode transistors are more desirable for 

power switching applications due to their fail safe operation and simpler circuit configuration. 

Inserting a dielectric layer between the gate and the III-nitride semiconductor is useful in 

suppressing the gate leakage current, allowing a larger gate voltage swing and enabling a 

more positive E-mode threshold voltage. However, the gate dielectric can add additional 

interface (dielectric/III-nitride) trap states and give rise to threshold voltage hysteresis [1] in 

double sweep gate transfer characteristics where electrons get trapped in the interface/bulk 

dielectric states under high forward gate bias conditions. Here, we present studies on the 

effects of the interfacial traps and their mitigation. 

 

In this work, all devices were  implanted with fluorine ions together with 20nm of atomic 

layer deposition (ALD) Al2O3 to achieve enhancement mode operation with VTH > +2V. 

Before the dielectric deposition, we performed different surface pre-treatments to assess their 

effects on the interface states and threshold voltage hysteresis. These included 150W N2 

plasma (5min in-situ), 50W Ar plasma (5min in-situ) and 1min KOH plus 1min HCl wet 

treatment. After the Al2O3 deposition, all samples went through a forming gas anneal (FGA) 

at 430
0
C for 30 minutes. In addition, post gate metal (PMA) annealing at 500 

0
C for 5 minutes 

was used to reduce plasma damage due to the fluorine implant. We found that this second 

anneal reduced the hysteresis in VTH. The lowest hysteresis was obtained with N2 plasma pre-

treatment. This was previously reported to improve interface quality by forming a thin 

nitridation interlayer between Al2O3 and III-N interface [2]. Figure 1 shows double sweep 

gate transfer characteristics with N2 plasma pre-treatment (solid line) and reference sample 

(dotted) with no pre-treatment. The hysteresis is significantly reduced from ~2.5V to 0.6V 

after N2 plasma pre-treatment. Also, a considerable increase in the drain current and 

transconductance (gm) is obtained, suggesting improvement in the barrier crystal quality as 

well as mitigation of the interface traps.  

 

We characterized the trapping and de-trapping times [3] for interface/bulk oxide traps for N2 

plasma and reference sample as shown in figure 2 and 3. A large shift in the threshold voltage 

is observed within the smallest gate forward bias time of 20msec (VGS=+10V, VDS=+10V) 

after which the threshold voltage increases only gradually with further positive gate bias. The 

device is fully recovered or de-trapped with negative gate bias (VGS=-10V, VDS=+10V) 

applied for 20 minutes before each positive gate bias step to avoid charge accumulation. The 

initial rapid change in the threshold voltage for both samples could be due to the charge 

trapping in the interface states and the observed further slower drift could be due to a slower 

trapping process such as trapping in the bulk oxide layer. The reduced initial drift in threshold 

voltage after N2 plasma (~0.5V) compared to the reference sample (~2V) suggests that the N2 

plasma pre-treatment has reduced the interface trap density significantly. The de-trapping 

process is, as expected, much longer than the trapping process. With a negative gate bias 

(VGS=-10V, VDS=+10V) it took nearly 20 minutes to fully recover the threshold voltage 



(figure 3).  
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Figure 1 Double sweep gate transfer characteristics with 

reference and N2 plasma pre-treatment.  
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Figure 2 Shift in threshold voltage with positive 

(VGS=10V) gate bias stress (trapping) time.  

Figure 3 Shift in threshold voltage with negative 

(VGS=-10V) gate bias stress (de-trapping) time.  
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Cascode configurations of GaN HFETs plus Si MOSFETs have recently attracted much attention and are now 

commercially available [1-3]. The layout consists of a series connection of a high voltage depletion-mode (D-

mode) GaN device and a low voltage enhancement-mode (E-mode) Si device as shown in Fig. 1. The cascode 

configuration offers an advantage in switching speed and switching losses because it utilises the load current, 

rather than the current from the gate drive circuit, to charge and discharge the gate-drain capacitance. 

However, the use of a Si device as the E-mode element can reduce this speed advantage due to the limitations 

of the Si devices compared to GaN based devices [1]. In addition, the hybrid nature of this configuration 

brings challenges in packaging the devices in order to minimise the parasitic inductance within the cascode 

structure [4]. An all-GaN based integrated cascode structure can eliminate these issues, but only a few studies 

have been reported and these have been limited to DC and RF performance [5]. In this study, we present an all 

GaN integrated cascode configuration and explore its static and dynamic performance for power switching 

applications.  

 

Fig. 2 depicts the integrated AlGaN/GaN metal-insulator-semiconductor (MIS) HFET in the cascode 

configuration on a Si substrate with gate width of 100 µm and 8 mm. The E-mode element is fabricated with a 

fluorine-based plasma treatment [6] together with a 20 nm SiNx gate dielectric. The cascode device exhibits a 

threshold voltage, VTH, of ~+2 V and a drain current of 200 mA/mm at VDS = 10 V and VGS = 8 V as shown in 

Fig. 3. The slightly reduced drain current compared to the equivalent standalone E-mode device can be 

optimised by engineering the threshold voltage of its D-mode element. With a more negative D-mode 

threshold voltage, the E-mode element is biased at a higher drain-source voltage during on-state, which 

effectively improves the current drivability of the E-mode part and hence the whole cascode configuration. 

Fig. 4 shows the improved drain current of the cascode after shifting the threshold voltage of its D-mode part 

from -5.5 V to -8.5 V by replacing the D-mode Schottky gate with a MIS gate structure. This highlights the 

importance of current-matching between the E-mode and D-mode parts in order to maximise the current 

drivability of the cascode configuration.  

 

Inductive load switching measurements were performed using a double pulse tester on PCB mounted devices. 

Fig. 5 shows the switching comparison between a 8 mm gate width cascode and standalone E-mode devices at 

a drain bias of 25 V and load current around 1 A. The results are comparable between two devices due to the 

relatively small output charge at 25 V, while the major advantage of the cascode structure should become 

evident when the total output charge dominates over the input charge. The 600 V simulation results based on 

real device parameters clearly indicate the potential speed advantage of high voltage cascode over standalone 

E-mode device, as shown in Table 1. For practical high frequency power devices at high voltage and current, 

the integrated cascode structure will always perform faster switching (lower switching losses) compared to the 

equivalent high voltage E-mode device. The price to pay for this advantage is a higher specific on-resistance, 

which may not be an issue under high frequency operation.  

 
REFERENCES: 

[1] T. Hirose et al, Applied Power Electronics Conference and Exposition (APEC), 29th Annual IEEE, pp 174-181, 2014. 

[2] M. J. Scott et al, Semiconductor Science and Technology 28, Vol. 7, pp 074013, 2013. 

[3] R. A. Alberto et al, Power Electronics, IEEE Transactions on 29, Vol. 5, pp 2428-2440, 2014. 

[4] Z. Liu et al, Applied Power Electronics Conference and Exposition (APEC), 29th Annual IEEE, pp 168-173, 2014. 

[5] R. Wang et al, Japanese Journal of Applied Physics 47, Vol. 4, pp 2820, 2008. 

[6] Y. Cai et al, IEEE Transactions on Electron Devices 53, Vol. 9, pp 2207-2215, 2006.   



     
 

 

                               

           
 

 

 

 

 

         
 

 

 

 

 

 
Turn-on energy loss (Eon) Turn-off energy loss (Eoff) 

Cascode configuration 5.7µJ 2.3µJ 

Standalone E-mode 14µJ 8.7µJ 

 

Fig. 1. Circuit diagram of 
cascode configuration. 

Fig. 2. All GaN integrated cascode device with gate width of (a) 100 µm 
and (b) 8 mm. 

 

Fig. 3. Gate transfer characteristics of an all-GaN 
integrated cascode device together with an 
equivalent standalone E-mode device and 
standalone D-mode device. 

Fig. 4. Gate transfer characteristics of cascode 
device with a D-mode Schottky gate and a D-mode 
MIS gate. A higher output current is measured 
from the cascode device with D-mode MIS gate. 
 

Fig. 5. (a) Turn-on and (b) turn-off 25V switching waveforms for 8mm cascode configuration and 8mm 
standalone E-mode device. 

Table 1. 600 V simulation results show a much reduced switching energy loss for the cascode configuration. 
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	 GaN	 photonic	 devices	 have	 revolutionized	 solid-sate	 lighting	 and	 high-
frequency	 amplifying	 transistors	 have	 substantially	 impacted	 communication	
systems.	Now,	its	power	switching	devices	are	impacting	power	electronics	systems	
with	 their	 commercial	 availability	 and	 performance	 improvement,	 and	 hence	 less	
power	 loss	 and	more	 energy	 efficient,	 over	 conventional	 silicon	 and	emerging	 SiC	
devices.	 In	 this	 talk,	 we	 will	 review	 the	 performance	 potentials	 and	 present	
capabilities,	as	well	as	types	and	structures	of	GaN	power	devices	and	ICs.	We	will	
focus	 on	 assessing	 the	 present	 commercialization	 trend	 in	 each	 particular	 power	
range	(low,	medium	or	high).	Also,	we	will	point	out	the	challenges	these	emerging	
semiconductor	 devices	 are	 still	 facing	 and	 need	 to	 overcome	 before	 they	 can	
substantially	augment	existing	silicon	devices.	
	 Several	 vertical	 and	 lateral,	 discrete	 or	 integrable	 device	 structures	 have	
been	 demonstrated	 for	 GaN.	 In	 the	 low	 power	 (<500W)	 and	 blocking	 voltage	
(<600V)	 area,	 lateral	GaN	power	HEMTs	 [1]	 are	offering	both	high	power	density	
and	lower	power	loss	over	both	silicon	and	SiC	devices.	Besides	power	ICs,	unique	
monolithic	 optoelectronic	 integration	 is	 possible,	 as	 indicated	 by	 recent	
demonstration	 of	 an	 integrated	 LED/MOS	Channel-HEMT	pair	 [2].	 In	 the	medium	
power	 (1-100kW)	and	blocking	voltage	 (1-5kV),	 vertical	GaN	power	MOSFETs	 [3]	
are	 capable	 of	 competing	 with	 SiC	 counterparts	 and	 displacing	 Si	 IGBTs	 by	
increasing	 the	 upper	 limit	 of	 switching	 frequencies	 and	 improving	 the	 energy	
efficiency	 and	 power	 density	 in	 motor	 drives	 and	 power	 converters.	 In	 the	 high	
power	(>1MW)	and	ultra	high	blocking	voltage	(>	5kV)	range,	vertical	superjunction	
(SJ)	 GaN	power	 FETs	 [4]	 can	 compete	with	 SJ	 SiC	 power	MOSFETs	 as	well	 as	 SiC	
IGBTs,	making	possible	single-level	converter	topologies	previously	not	possible	in	
silicon	implementations.		
	 The	expectations	and	potentials	of	these	GaN	power	devices	and	ICs	have	not	
yet	gained	widespread	market	acceptance	due	to	concerns	on	long-term	reliability	
and	 cost-effectiveness.	 Nevertheless,	 we	 expect	 these	 power	 device	 technologies	
will	 become	 an	 important	 integral	 part	 of	 advanced	 energy	 efficient	 power	
electronics	systems,	with	a	wide	range	of	power	levels.	
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Fig.	1	Vertical	DMOS	and	UMOS	FETs.	 				 Fig.	2	Lateral	GaN	HEMT/HFETs	

	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	

	
							Fig.	5	Integrated	GaN	LED/HEMT	pair.							
	
	
	
	
	
	
	
	

Fig.	8	Ron,sp	vs.	BV	for	vertical	SJ	GaN	
HEMTs	and	diodes	

Fig.	4	Ron,sp	vs.	BV	for	vertical	and	lateral		
devices	

Fig.	3	GaN	vs.	Si,	GaAs	power	devices						
	

Fig.	7	Vertical	Superjunction	(SJ)	
GaN	power	HEMT	
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Fig.	6	Performance	comparison	of	high	
voltage	GaN	vs.	SiC	vertical	power	MOSFETs	
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Silicon substrates have many potential advantages over sapphire for GaN semiconductor 

devices. Although the cost of mass production of LEDs on sapphire has been dramatically 

reduced in recent years, the high price of sapphire wafers is still a limiting factor. Si wafers 

with low price and high integration capability could provide a potential solution. For GaN high-

electron mobility transistors (HEMTs), silicon also has an acceptable thermal conductivity (149 

W/mK) whereas the thermal conductivity of sapphire (41 W/mk) severely deteriorates the 

performance of the device. The potential advantage of Si substrate use, however, is hindered by 

two main problems: the large thermal expansion mismatch and the large lattice mismatch with 

GaN. During growth and processing these problems can lead to cracks and high dislocation 

densities in the GaN thin film. 

To mitigate the problems several methods have been developed such as patterned substrates, 

compliant substrates, AlN interlayers, AlGaN intermediate layers, AlN/GaN superlattices and 

in-situ SiNx masking layers [1]. 

Alternatively, the use of Rare Earth Oxides (REO) such as Er2O3, Sc2O3 and Gd2O3 on Si as 

substrates for GaN growth have the potential to simplify GaN growth on Si and reduce the 

density of crystal defects. Er2O3 forms a coincidence lattice with Si (aEr2O3≈2asi) and hence could 

form high quality crystal film on Si(111) surface. Er2O3 and Sc2O3 both have a smaller lattice 

mismatch with GaN (14.5% Er2O3 and 7-9% for Sc2O3) compared to Si (17%). In principle, 

high quality GaN thin film with low dislocation density could be deposited on top of REO 

buffer layers. 

In this research project, buffer layers involving Er2O3, Sc2O3 and Gd2O3 are explored. To prevent 

the reduction of the oxides in MOCVD chamber with H2. GaN will be deposited in low 

temperatures with N2 ambient, where a Rare Earth Nitride (REN) thin layer could be formed 

between REO and GaN. As stress relaxation and crystal quality of GaN thin film layer is 

strongly dependent on the morphology and uniformity of the buffer layer, as a first step AFM 

was used to examine the surfaces of Er2O3, Sc2O3 and Gd2O3 films grown on silicon before the 

deposition of GaN. 

All the films have a very low RMS surface roughness of less than 1.5 nm for layer thicknesses 

in the range from 100 to 500 nm. The surface roughness was found to increase as the layer 

thickness increases. Using an increased oxygen pressure during the deposition also increases 

the surface roughness. The Er2O3 films show a morphology consisting of highly aligned 

triangular islands. The lateral widths of these islands were measured using a fast Fourier 

transform (FFT) analysis. It was found that lateral width increases with layer thickness but 

decreases as oxygen pressure increases. The islands formed on the surfaces have lateral width 

varying from 40 to 120 nm. Sc2O3 and Gd2O3 show less strongly oriented surface morphologies. 
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GaN materials are important for a wide range of applications such as LEDs and laser diodes. Since 

high quality bulk GaN substrates are difficult and expensive to produce, GaN is grown 

heteroepitaxially. [1] The most common phase grown on conventional sapphire and silicon carbide 

substrates is hexagonal wurtzite GaN. Hexagonal GaN is the most thermodynamically stable phase, 

however it is polar along the usual <0001> growth direction. In common light emitting devices in 

the hexagonal phase, piezoelectric and spontaneous polarisation fields across the device structure 

lead to impairment of device efficiency, associated with the quantum-confined Stark effect. [2] 

One way to eliminate the problem of polarisation and potentially improve device performance is to 

grow cubic zincblende GaN, which although metastable, is non-polar along the <001> growth 

direction. [3] Growth of good quality cubic GaN is very challenging, as the hexagonal phase is 

thermodynamically preferred under most growth conditions, so the growth window for the cubic 

phase is quite narrow.  

In our poster presentation we will report our characterisation studies on a series of cubic GaN 

layers grown at different temperatures. The GaN epilayers were grown by MOVPE on 3C-SiC on Si 

substrates from Anvil. Structural and morphologic investigations were done by X-ray diffraction 

(XRD) and atomic force microscopy (AFM). XRD results reveal that the epilayers become 

predominantly cubic with negligible amounts of hexagonal by reducing the growth temperature. On 

the other hand, the ω-FWHM of the symmetric (004) reflection increases with lower growth 

temperature indicating an increase of the mosaicity and a decrease in crystal quality. AFM 

measurements were performed to investigate the influence of the growth temperature on the 

surface morphology, such as the shape of surface features, the height of surface steps and overall 

surface roughness. The measurements show that RMS roughness of the surface varies with growth 

temperature partly due to the changing anisotropy of the surface features from elongated to a 

more square shape. We will discuss these effects in terms of anisotropic surface diffusion of 

adatoms, and the influence of crystal defects and surface steps. 
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GaN grown in its cubic crystal phase (c-GaN) differs from the hexagonal GaN (h-GaN) 
currently used in commercial LEDs in a number of ways that promise to improve device 
performance.  Firstly InGaN/GaN quantum wells (QWs) grown on c-GaN will not be susceptible to 
the strong spontaneous and piezoelectric electric fields across the wells that affects such structures 
grown along the c-axis of h-GaN [1]. These fields reduce the carrier wave-function overlap in an 
InGaN QW, decreasing the rate of radiative recombination. The radiative lifetime in a QW is thus 
expected to be significantly shorter for c-GaN compared to h-GaN, resulting in greater 
recombination efficiency. Secondly, the bandgap of c-GaN is ~0.2 eV less than that of h-GaN [2], 
reducing the indium content in a QW required for green emission and thus also decreasing defect-
producing strain.  

c-GaN is a metastable phase, which makes crystal growth challenging.  A number of growth 
methods have been investigated previously including molecular beam epitaxy (MBE) on substrates 
with a cubic crystal structure, such as SiC [1], SiC/Si [3] and GaAs [4], and metal organic chemical 
vapour-phase deposition (MOCVD) on GaAs [5].  More recent developments include the MBE growth 
of free-standing cubic GaN [6] and the use of microstructured Si substrates [7-8].  

 In this work, we report a spectroscopic investigation of c-GaN layers grown on to high 
quality 3C-SiC on large area (100mm) Si (001) using MOCVD. Samples of c-GaN are characterised by 
both temperature-dependent photoluminescence spectroscopy (PL) and photoluminescence 
excitation spectroscopy (PLE). The low temperature PL spectra exhibit peaks that are attributed to 
bound exciton emission and donor-acceptor pair (DAP) recombination, along with a broad defect 
emission band at lower energies.  PLE measurements confirm that these features are due to 
recombination in c-GaN.  Increasing the layer thickness was found to reduce the width of the DAP 
peak and increase the relative intensity of the bound exciton emission. A weak high energy shoulder 
is also present in the PL spectra.  PLE measurements reveal that this feature may be due to emission 
from small h-GaN inclusions. 
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Abstract 

Green-emitting wurtzite InGaN-based LEDs are less efficient than blue-emitting LEDs at a given drive 

current (known as the green gap), possibly due both to the higher point defect densities resulting from the 

lower growth temperatures required to incorporate higher indium contents into green-emitting devices, and 

to the higher strain-induced internal electric field within green-emitting QWs[1]. Cubic InGaN-based LEDs 

may offer a route to efficient green emission, since cubic nitride films are non-polar and therefore the 

formation of heterostructures does not result in internal electric fields, and therefore a higher carrier 

wavefunction overlap integral can be achieved in the quantum well. Cubic GaN also has a narrower band 

gap than wurtzite GaN for a given indium content, facilitating green emission that requires less indium in the 

active region, and some reports indicate that it is possible to achieve higher p-type conductivity than for 

wurtzite GaN [2]. Additionally, cubic GaN films grown on cubic SiC on silicon (001) substrates may offer a 

route to integration with silicon (001) electronics. 

In this work we investigate the morphology and uniformity of MOVPE-grown cubic InGaN epilayers and 

multiple quantum well (MQW) structures grown on thick cubic GaN layers deposited on a thick 3C-SiC 

(001) epilayer grown separately on 4-inch silicon (001) wafers by Anvil Semiconductors Ltd. Electron 

diffraction patterns show that all films are cubic with no indication of hexagonal inclusions. However a high 

density of {111}-oriented intrinsic stacking faults is observed at the GaN/SiC interface, which reduces in 

density as film growth continues, resulting in a stacking fault density of around 10
4
 cm

-1
 at the InGaN/GaN 

interface for both epilayer and MQW structures. Diffraction contrast studies show that there is no relaxation 

of MQW structures via the formation of extended defects. Energy-dispersive X-ray (EDX) analysis in the 

TEM reveals MQW structures with uniform In composition when viewed with the electron beam along the 

direction of the SiC substrate miscut. However, MQWs appear rough when viewed perpendicular to the 

substrate miscut direction, in regions where elastic relaxation may have occurred during growth of the 

InGaN. Stacking faults do not appear to be related to the variations in In content within the MQW structures.  

[1] S. Hammersley, M. J. Kappers, F. C.-P. Massabuau, S.-L. Sahonta, P. Dawson, R. A. Oliver and C. J. 

Humphreys, Appl. Phys. Lett., 107, 132106 (2015) 
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Commercial AlN- and AlGaN-based ultraviolet optoelectronic devices are typically grown on sapphire substrates, 

limiting internal quantum efficiencies to around 1 % due to high densities of extended defects. Although bulk GaN 

and AlN substrates are an improvement over sapphire for the growth of AlGaN- and AlN-based devices, significant 

lattice mismatch still arises in Al(Ga)N/(Al)GaN heterostuctures, generating defects which limit device efficiency. 

Ideally, bulk AlGaN substrates grown with an aluminium content tailored to that required for a given UV emission 

wavelength could dramatically improve device efficiency.  

A newly-developed fast molecular beam epitaxy (MBE) growth procedure for nitride growth on 2-inch and 3-inch 

GaAs (111)B wafers has been recently shown to produce large-area free-standing bulk wurtzite GaN layers [1], where 

GaAs substrates may be quickly and reliably removed by wet etching, leaving the free-standing GaN ready for further 

preparation for UV device growth.  

In this work we build on the progress made for bulk GaN growth by investigating the microstructure of a series of 

Al0.2Ga0.8N films, grown up to 100 µm thick on 2-inch and 3-inch GaAs (111)B substrates, to assess their suitability as 

high-quality bulk AlGaN substrates for subsequent MOVPE device growth. AlGaN films are grown on GaN 

nucleation layers with relatively high group III beam equivalent pressures to create group III-rich MBE growth 

conditions. Transmission electron microscopy (TEM) shows that all AlGaN films have high crystallinity with small 

cubic inclusions at the GaAs/GaN interface, which revert to the wurtzite phase after around 70 nm of growth. 

Threading dislocation densities range from 10
9
 to 10

10
 cm

-2
, and basal plane I1 stacking fault densities of around 10

5
 

cm
-2

 are observed, with defect densities somewhat decreasing with increasing film thickness. The implications for 

further growth of devices is discussed. 
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Cubic GaN (c-GaN, zinc blende structure) may have some advantages over the hexagonal 

phase (h-GaN, wurzite structure) in improving the performance of LED devices. Being 

pyroelectric, h-GaN creates strong spontaneous and piezoelectric electric fields across 

quantum wells (QW) grown perpendicular to the c-axis [1], while c-GaN does not. Such 

fields reduce the wavefunction overlap between electrons and holes in the QW, increasing 

the radiative recombination time. QW grown in c-GaN therefore promise greater radiative 

recombination efficiency than for h-GaN because of the shorter radiative recombination 

time. Also the smaller bandgap in c-GaN (3.3eV at low T) than in h-GaN (3.5eV) [2] means 

that for the same wavelength emission, the QW needs less indium, which reduces the 

lattice mismatch and strain, which produces defects, which promote non-radiative 

recombination. 

h-GaN is the stable phase at all temperatures, which makes the growth of meta-stable c-

GaN difficult. Cubic substrates which have been used in MBE growth include SiC [1] and 

SiC/Si [3], and GaAs has been used with MOCVD [4]. MBE growth of free-standing c-GaN [5] 

has been developed recently, as has the use of microstructured Si substrates [6,7]. Here we 

report on Raman measurements used to characterise c-GaN layers grown on 3C-SiC/Si using 

MOCVD. 

TEM and XRD show the main defects to be stacking faults along the cubic {111} planes 

(stacking faults, SF). Layers adjacent to the SF have hexagonal symmetry locally. Methods 

which can rapidly assess the c-GaN quality and the amount of h-GaN in samples are useful 

for the development and refinement of the growth parameters of c-GaN.  

Raman spectra show the cubic LO phonon, and also a range of peaks associated with the E2, 

E1(TO), A1(T0) peaks, and also A1(TO+LO) and E1(LO+TO) peaks of the hexagonal phase (see 

figure). These are consistent with the hexagonal character associated with SF. Use of the 

Raman intensities is complicated by the dearth of measured values of the Raman tensor 

components [8,9]. The use of laser wavelengths for which GaN is transparent lead to 

complications associated with forward scattering Raman and reflection at the substrate 

interface. Shorter wavelengths with absorption from the GaN band edge run into 



complications from the resonant Raman process not obeying the selection rules. 

Nevertheless, relative intensity measurements have been used to estimate the hexagonal 

fraction, and the results are consistent with the TEM and XRD results. 

 

Figure: Polarisation-dependent Raman spectra of c-GaN (LO), showing peaks from hexagonal 

component (E1(TO), E2H, A1(TO+LO), E1(LO+TO), using 488nm light. Peaks from the substrate 

(Si and SiC) are seen as the GaN layer is transparent at this wavelength. 

 

Raman spectroscopy is being used to characterize the relative hexagonal components 

between samples grown under different conditions, and this is a fast, non-destructive 

method which may be used to optimise the growth parameters. 
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We illustrate the power of Raman mapping for characterising the microstructure and 

stress/strain in GaN Nano-dash epitaxial lateral overgrowth (ELOG) samples. 

Raman spectroscopy provides sub-micrometre resolution information on the vibrational, 

crystalline, and electronic structures of materials. Raman is a tried and tested tool for 

analysing nitrides, but in the past, measurements have been slow, with a single spectrum 

typically taking up to a minute to acquire. Advances in technology have slashed this time to 

milliseconds, opening up large area mapping measurements in both 2D and 3D and 

industrial quality control applications. 3D mapping measurements offer significant benefits 

when studying semiconductor materials as they allow the microstructures in device layers to 

be imaged and, as a result, defects and their origins can be characterised more 

comprehensively. 

Threading dislocations in GaN act as scattering centres for both light and charge carriers, 

and can hinder performance in optoelectronic devices, such as LEDs. There is continual 

research into the growth of epitaxial GaN layers to reduce the density of threading 

dislocations and improve device material. Here we apply Raman spectroscopy to samples 

grown with the ELOG technique using growth apertures that comprise a regular array of 

nano-dashes in order to control the coalescence process. 3D Raman measurements were 

conducted on the sample after growth and results compared to SEM images collected 

during growth. Raman intensity images clearly illustrate the microstructure of the sample, 

reveal regions of increased dislocation density, and show excellent agreement with the SEM 

images (Figure 1(a) – 1(f)). In addition, the strain in the GaN was imaged and characterised.  

 
Figure 1 (a) - (c) Raman intensity image slices of the GaN Nano dash layer collected at different depths 

(extracted from a complete 3D image). (d) - (f) SEM images collected during growth of the Nano-dash layer.  

a) b) c) 

d) e) f) 
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It has been widely reported that as the emission wavelength of InGaN/GaN quantum well (QW) 

structures is increased there is a corresponding reduction in the internal quantum efficiency (IQE) [1-

4]. In order to achieve the higher indium fractions needed for green emission, the growth temperature 

of the QW layers is reduced in order to reduce the effects of In desorption. This reduction in growth 

temperature may lead to a significant increase in the density of point defects [5,6]. Point defects have 

been shown to act as non-radiative recombination centres [7]. In order to test the effect of the QW 

growth temperature, two series of multiple QW samples, one set emitting in the blue and one set 

emitting in the green spectral region, were produced in which the QW growth temperature was 

systematically varied. The indium fraction in each sample set was maintained by adjusting the indium 

precursor (trimethyl indium) flow rate. X-ray diffraction was used to show that within a sample set 

emitting at a particular wavelength, the basic structural parameters of the QWs remained unchanged 

across the different growth temperatures applied.    

The optical properties of the both sets were investigated using photoluminescence (PL) 

measurements as a function of both temperature and excitation power density, and PL time decay 

measurements. It was found that for both the blue and green-emitting sample sets the measured 300 K 

IQE was found to vary systematically with the QW growth temperature, with lower temperatures 

resulting in lower 300 K IQE. The variation in IQE between samples was also found to become more 

pronounced as the excitation power density was reduced. The 300 K PL decay lifetime was also found 

to decrease as the QW growth temperature was reduced. Taking into account both the reduced 300K 

PL lifetime and the variation in the IQE observed in both sample sets we conclude that the reduction 

in QW growth temperature results in a reduction in the non-radiative recombination lifetime in InGaN 

QWs.  
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Electron blocking layers (EBLs) which consist of a thin layer of p-type AlGaN are often 

included in light emitting diode (LED) designs, inserted between the top most quantum well (QW) in 

an LED and the p-type contact layer, to reduce the spill over of injected electrons. The inclusion of 

EBLs has been reported to improve the external quantum efficiency (EQE) of an LED, especially at 

high LED drive currents [1-3]. However despite these reports of a positive impact of the inclusion of 

an EBL, there are also some reports in which the inclusion of an EBL has led to reduction in EQE [4-

6], which were attributed to the formation of an additional confining potential for electrons between 

the final QW and the EBL. 

In this study we have investigated experimentally and theoretically the properties of two LED 

structures grown by MOCVD, one including an EBL, and one without an EBL. The conduction and 

valence band profiles of both devices were modelled using the commercial device simulation package 

nextnano
3
 [7] under zero bias to reflect the experimental conditions used to investigate these samples. 

It was found that the inclusion of the EBL into the device stack leads to a modification of the electric 

field across each of the QWs in the active region. This results in an increase of the order of 10 % 

(from 225 to 197.5 mV nm
-1

) in the electric field across each QW. The modification of the electric 

field across the QWs leads to a change in the electron/hole wavefunction overlap, which should 

reduce the radiative recombination lifetime. 

The two LEDs were investigated using a combination of temperature dependent 

photoluminescence measurements and photoluminescence time decay measurements. From these 

measurements it was found that, as predicted by the modelling of the conduction and valence band 

profile, the radiative recombination lifetime was of the order 20% longer in the LED structure 

containing the EBL compared with the sample that did not include an EBL. This increase in radiative 

recombination lifetime results in a lower 300 K internal quantum efficiency for the sample including 

an EBL 
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The efficiency of gallium nitride (GaN) based light emitting diodes (LEDs) has 

increased significantly in recent years. Unfortunately devices emitting outside of the standard 

“blue” region suffer from a rapid decrease in efficiency, which increases as wavelength 

moves away from this standard blue region. Issues arise from reduced crystal quality due to 

the increased indium or aluminium content required for green or ultraviolet (UV) emission 

respectively [1]. 

LEDs were fabricated from a number of different wafers, emitting over a range of 

wavelengths, all grown by MOCVD. Alongside these, commercially grown wafers were 

processed and used as controls. The wafers had similar multiple quantum well (MQW) 

structures, but growth methods varied. The effect of varying drive current on 

electroluminescence (EL) spectra will be presented. Observations of the EL spectra indicate a 

shift in peak wavelength in some samples, which is attributed to the quantum confined Stark 

effect (QCSE).  

Temperature dependant forward and reverse current voltage measurements were 

performed and used to help identify the mechanisms responsible for the observed leakage 

current. These measurements also allow for the analysis of the series resistance, as well as the 

voltage and temperature dependence of the ideality factor, all of which will be discussed. Initial 

analysis provides evidence of Poole-Frenkel emission contributions to the reverse leakage [2][3]. 

Light output (L-I) measurements were also taken and analysis indicates a slow turn on, which 

can be correlated with the I-V characteristics. L-I-V measurements show impaired device 

performance when compared with control samples. 

A method for identifying loss mechanisms in GaN based LEDs is to be presented. The 

mechanisms for leakage currents observed in temperature dependent I-V characteristics of the 

devices will be discussed. It is shown that epitaxial structures that cause a strong QCSE also 

exhibit increased leakage currents. Such structures result in an increase in the non-radiative 

recombination rate relative to the radiative recombination rate which results in degraded peak 

power conversion efficiency [3].   
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While it is generally thought that a high threading defect density (DD) is detrimental to the performance of 

LEDs, effecting especially the peak efficiency, there are few quantitative studies correlating the threading defect 

density to the external quantum efficiency (EQE) and the wall-plug efficiency (WPE) of light emitting diodes (LEDs). 

Here, we present a study of defect-related effects in the light emission and current-voltage characteristics of LEDs, 

notably the effect of changing the density of the threading defects in the growth substrate on the electrical 

properties and efficiency of InGaN/GaN LEDs.  

LEDs structures were grown by MOVPE on sapphire substrates with different densities of threading 

dislocations in the first-grown GaN buffer layer.  Measurements of the EQE as a function of current (figure 1) indicate 

that for samples with a low to moderate defect density (in the range 108 cm-2) the threading defect density has a 

moderate effect on peak EQE, and a diminishing influence on the EQE as the current is increased. In contrast, 

increasing the threading DD into the 109 cm-2 range significantly decreases the EQE over the entire current range 

measured. It also affects the current-voltage characteristics to have a second influence on the WPE. 

However, care must be taken in the interpretation of EQE vs current density graphs. The EQE of any given 

LED is determined by the interplay of many different mechanisms and to gain an insight from these measurements it 

is therefore necessary to fit these results to an appropriate analytic model. These results are analysed using the 

simple but popular ‘ABC’ recombination model, modified to take account of ‘overflow’ currents (see ref 1. for a 

recent review), and the results are discussed in the light of this analysis. Estimates of WPE will also be presented to 

produce a fuller picture of the full impact of threading dislocations and point defects on LED performance. 
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Figure 1. The external quantum efficiency vs current flowing through the 

device, for LED made on devices with a low (≈ 4x108 cm-2), medium 

(≈8x108 cm-2) and high (≈ 4x109 cm-2), threading defect density. 
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Nanostructured templates are the seed for efficient and well-controlled devices properties, for both 
planar and one dimensional structures. In III-Nitrides growth, nanostructured templates have been 
used to enhance LED light extraction, to filter propagating defects in c-plane and semipolar material 
and to grow core-shell devices. For example, both etched nanorod arrays and linear gratings of 
dielectric have been used in order to filter defects in semipolar materials. For the growth of 
InGaN/GaN core-shell devices, either holes in dielectric (SiNx or SiO2) or Ti can be used for the bottom-
up growth of GaN nanorod arrays while etched nanorod arrays can be used as a three-dimensional 
growth scaffold. 
 
All the above mentioned technologies require a nanopatterned GaN template. As technology increases 
from 2” to 4” and 6” wafers, there is a need to fabricate nanostructured templates on larger areas. 
The inherent wafer bowing, created by both the different coefficient of thermal expansion and the 
lattice mismatch between GaN and sapphire (or silicon), means homogeneous patterning is hard to 
achieve via conventional lithography techniques. 
 
Displacement Talbot Lithography is a novel lithography technique that is similar to laser interference 
lithography but easier and simpler to realise. Due to its high depth of focus it is able to pattern on 
rough and bowed wafers. Nanoimprint lithography, due to its contact method, is also able to transfer 
various nanoscale shapes and patterns on bowed wafers, but with tighter restrictions on substrate 
parameters. These two techniques are promising for the large-scale fabrication of patterned 
substrates. 
 
From a research perspective, one of the attractive attributes of Displacement Talbot Lithography is 
the ability to modify the filling factor of the pattern, which can be of use when seeking for an optimum 
template structure. We will present some initial results on the impact of the experimental parameters 
on the filling factor of a hexagonal pattern with 1 m pitch and a linear grating with 400 nm period. 
We show that the hole apertures can be tuned from 300 nm to 500 nm for a fixed 1um pitch hexagonal 
pattern. Furthermore, we will present the strengths, limitations and applicability of both techniques. 
 

 
 

Figure 1: 1 m pitch hexagonal array hole pattern obtained for different beam exposure 
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ScGaN nanowires are anticipated to combine the unique properties of the nanowire geometry 

with the advantages of the novel ScGaN material system [1]. A ScGaN nanowire core of suitable 

composition may, for instance, act as a lattice-matched scaffold for radial m-plane InGaN 

quantum wells. The nanowire geometry also enables efficient radial strain relaxation, to minimise 

strain and the associated dislocations at axial ScGaN/GaN interfaces. Thus ScGaN nanowire 

materials are of considerable interest both for device applications, and for investigations of the 

fundamental properties of high quality strain-free ScGaN. 

GaN nanowires were grown by a self-catalytic method via molecular beam epitaxy (MBE) [2]. A 

20 nm ScxGa1-xN layer was inserted during the growth process. Scanning electron microscope-

cathodoluminescence revealed that the nanowires had an emission at around 3.26 eV (380 nm) at 

low temperatures (10 K and 77 K), arising approximately from the position of the ScGaN 

insertion within the nanowires. This emission is more intense than the GaN bandgap emission, 

perhaps indicating carrier trapping in the vicinity of the ScGaN. The 3.26 eV (380 nm) peak was 

not observed in the control sample, consisting of GaN nanowires without the ScxGa1-xN insertion. 

The bandgap of ScxGa1-xN depends on its crystalline phase and the x value. Therefore, high 

resolution transmission electron microscopy was used, and confirmed the wurtzite phase of the 

ScxGa1-xN part. The x value in ScxGa1-xN is 0.04 ± 0.005, characterised by energy dispersive X-ray 

spectroscopy mapping in scanning transmission electron microscopy. However, the calculated 

bandgap in literature at this x value is 3.4 eV [3], corresponding to 365 nm emission rather than 

the observed 380 nm. One possibility is that the 3.26 eV emission arises from the formation of a 

heterostructure with type-II band alignment. However, the involvement of defects in the emission 

cannot be ruled out at this stage. 
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3. Tsui, H.C.L., et al., Band gaps of wurtzite ScxGa1−xN alloys. Applied Physics Letters, 

2015. 106(13): p. 132103-132103. 
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III-nitride nanowires (NWs) have attracted extensive attention very recently, as they exhibit a huge 
potential to the fabrication of novel optoelectronics which conventional and planar III-nitride 
devices could not achieve, such as reduced piezoelectric polarisation, reduced efficiency droop, 
compatibility to integrate electrical circuits on a nanometer scale, etc. Basically, there are two major 
kinds of approaches to achieving GaN NWs, one based on a post-growth top-down fabrication 
method, and another on direct bottom-up growth. For the former, we have demonstrated nanowire 
array LEDs or single nanorod LEDs with significantly improved performance.1-3 However, the 
challenge is due to a further reduction in diameter of NWs down to below 100 nm. For the latter, it 
is mainly based on molecular beam epitaxy (MBE) grown NWs on silicon. A few groups have 
demonstrated excellent results using MBE grown NWs by vapor–liquid–solid growth or catalyst-free 
methods.4 In remarkable contrast, there is no a very impressive report on metalorganic vapour phase 
epitaxy (MOVPE) grown NWs except using a selective growth approach on pre-patterned templates 
or substrates, although last two decades have seen major breakthrough in growth of ultra-high 
brightness GaN-based blue LEDs by using MOVPE techniques. This implies that there exists a major 
difference in GaN NW growth mechanisms between MOVPE and MBE. Very recently, our group has 
successfully obtained catalyst-free GaN nanowires on (111) Si by MOVPE, which has been compared 
with the MBE grown GaN NWs.    
 
Our GaN NWs growth on (111) silicon starts with an initial annealing at 1100 oC in H2 ambient for 10 
min. Subsequently, a small amount of trimethylaluminum (TMA) precursor is flowing into the reactor 
at 1145 oC, and the temperature is ramped down below 900 oC for GaN NWs growth. Unlike MBE 
grown NWs where no any metal seed is required prior to NWs growth, the pre-flowing TMAl is crucial 
for MOVPE NWs growth. However, it is worth highlighting that the pre-flowing TMAl does not serve 
as metal nanodots for vapor–liquid–solid growth, but form Al-silicon cluster alloys. Without the 
TMAl pre-flowing or with TMGa pre-flowing, only GaN islands with a random diameter have been 
obtained. Another difference between MOVPE and MBE grown NWs is due to nitridation, any 
nitridation process prior to MOVPE growth leads to the growth of only GaN islands with random 
diameters and orientations. We have also systematically investigated the influences of growth 
temperature, TMG and ammonia flow rate, respectively.  
 
Eventually, we have successfully achieved GaN NWs grown on (111) silicon as shown in Figure 1, 
demonstrating our GaN NWs grown using different temperatures. Our preliminary results shows an 
increase in growth temperature leads to straight and higher NWs with a top flat surface as shown in 
Figure 1a, while a reduced temperature allow us to obtain better uniformity as shown in Figure 1b. 
In general, the heights of NWs are ~ 900 nm, with a diameter ranging from 50 nm to 900 nm and 
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density of ~ 3×108 cm-2. 
 
Crystal quality and morphology of the NWs have been investigated by X-ary diffraction (XRD) and 
scanning electron microscopy (SEM) measurements. From the XRD scans, it can be found that all the 
GaN NWs align along c-direction. All the NWs have the same in-plane crystal orientation as well. 
Room temperature photo-luminescence (PL) measurements show a strong emission at 365 nm.    

 

  
Figure 1. 75o-tilted SEM image of our GaN NWs grown on (111) Si by MOVPE with different growth 
temperatures (left: high; right: low) 
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Abstract
It is well known that high hole concentration in GaN is difficult to achieve due to the high 
activation energy of Mg dopants. Mg-doped p-type GaNAs has been demonstrated to give 
a high hole concentration up to 1020cm-3 . Additionally, the band gap of this material is 
smaller than that of GaN [1], thus making Ohmic contacts easier to form. Therefore, good 
ohmic contacts and low resistivity could be achieved and hence improved device 
performance can be realised by using this material. GaNAs PN diodes grown under 
different conditions were characterised with scanning probe microscopy techniques, 
namely scanning capacitance microscopy (SCM), tunnelling AFM (TUNA) and Kevin probe 
force microscopy (KPFM). A GaNAs film consisting of elongated As rich and less As rich 
grains has previously observed in transmission electron microscopy analysis [2]. The 
phase image in SCM measurements shows formation of a p-type GaNAs layer, confirming 
earlier device-level studies [3]. TUNA images show substantial regions of reduced 
conductivity in the GaNAs film on a length scale greater than the grain size which indicates 
an additional factor controlling the local conductivity. KPFM images show potential 
variation in different grains. We aims to correlate nanoscale SPM electrical measurements 
with macroscopic device performance data in order to assist optimisation the performance 
of future GaN-based devices. 

Figure 1. Phase image (top) and SCM amplitude image (bottom) of a GaNAs/GaN PN junction 
diode with scanning capacitance microscopy.
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InGaN quantum wells (QWs) show high internal quantum efficiencies over the ultraviolet to green 

spectrum and in white light emitting diodes (LEDs). However a persistent challenge to the 

development of higher efficiency devices is the strong polarisation field across the across the QWs 

along the polar axis. The polarisation induced internal electric fields cause the spatial separation of the 

electron and hole wavefunctions in the QWs, known as the quantum confined Stark effect (QCSE). It 

has been proposed that the internal electric field can be suppressed by silicon doping the quantum 

barriers (QBs) [1]. Moreover, Kim et al. have theoretically shown that the device efficiency may be 

improved by variations in the silicon dopant concentration through the QWs [2]. To confirm the 

simulated properties though, it is crucial to resolve the spectral properties of individual QWs. 

In this study [3], nano-cathodoluminescence (nano-CL) reveals for the first time the spectral 

properties of individual InGaN QWs in a high efficiency LED structure and the influence of silicon 

doping on the emission properties. A silicon doped underlayer at 5×1018 cm-3 is included immediately 

prior to the growth of the 1st QW and the QBs between the QWs are subsequently doped to 1×1018 cm-

3 (sample A). Two further multiple QW InGaN/GaN structures were also grown for reference with no 

underlayer but QB doping levels of 1×1018 cm-3 (sample B) and 1×1017 cm-3 (sample C). Nano-CL 

reveals variations in the emission wavelength that directly correlate with individual QWs. With QB 

doping greater than 1×1018 cm-3, there is a continuous reduction in the emission wavelength of each of 

the subsequently grown QWs. The inclusion of a higher doped underlayer immediately prior to the 

growth of the 1st QW in the LED structure is shown to lead to a blue shift unique to the 1st QW.  

The experimental variations in the emission wavelengths were reproduced by Schrödinger-Poisson 

simulations. The blue shift in emission wavelength through the QWs due to QB doping is found to be 

caused by screening of the internal electric fields. The reduction in the emission wavelength of the 

first grown QW due to the underlayer is also found to be the result of screening of the internal electric 

field. The mitigation of the QCSE and consequently stronger overlap of the electron and hole 

wavefunction, thus should result in an increase in the radiative recombination. Nano-CL thus may 

serve as an experimental approach to study and refine  the design of future optoelectronic 

nanostructures, including the effects from doping and lead to improvements in device efficiency and 

functionality.  
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Light emitting diodes (LEDs) employing InGaN/GaN nanorod arrays have been shown to 

exhibit enhanced light extraction efficiency [1, 2] and improved internal quantum efficiency 

[2, 3] due to the alleviated strain and reduction of the quantum confined Stark effect. Such 

devices have also been shown to display improved directionality in the far-field emission [4] 

making these devices highly suitable for etendue-limited applications such as high brightness 

projectors [5, 6].  In the work reported here we explore the feasibility of achieving highly 

directional light emission from vertical structure LEDs with an ordered NR array structure 

incorporated in place of the surface roughened region and the active region now located 

below the array and above a reflector contact. 

 

Vertical LEDs were fabricated from commercial GaN-on-silicon epitaxy and the hexagonal 

nanorod arrays were fabricated via electron beam lithography and inductively coupled plasma 

etching. Two samples of NR etch depths 1μm and 1.6μm with a pitch of 1μm and base 

diameter of 0.9μm were processed and the active region is located approximately 130nm 

above a silver contact mirror (figure 1). Room temperature angular-resolved 

photoluminescence (PL) was measured for a fixed azimuth to obtain the far-field emission 

patterns of the two different structures from which Bragg diffraction was observed whereby 

the nanorod array acted as an optically thick diffraction grating [7] with preferential emission 

within a ±30° cone, however intensity minima were observed at 0° (surface normal). 

 

Three-dimensional finite-difference time-domain (FDTD) [8] simulations were performed to 

model the two structures using dimensions from the design schematic. Initial FDTD results 

predicted strong directionality in the far-field emission as shown in figures 2(a) and 2(b) for 

nanorod heights of 1μm and 1.6μm respectively.  For the etch depth of 1um, ‘hyper-

directionality’ was observed over a spectral range of 40nm, an effect not seen in the 

experimental PL and found to be highly sensitive to variations in both NR height and pitch by 

as little as 50nm.  

 

To obtain a better comparison of PL and FDTD results, more accurate FDTD modelling of 

the NR array vertical LEDs are made to include the optical properties of the AlN, AlGaN and 

SiO2 layers inside the NRs and the silver reflector. Increasing the epitaxial thickness to that 

measured in SEM images and shifting the vertical position of the dipole above the silver 

reflector by just 20nm (i.e. altering p-GaN thickness) altered the directionality of the 

emission drastically highlighting the importance of an accurate fabrication process. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic of vertical structure 

 

 
 

Figure 2: Far-field emission azimuthally and spectrally integrated (421 – 483nm) for NR 

height of (a) 1μm and (b) 1.6μm 
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InGaN quantum dots (QDs) grown in a GaN matrix show promise as practical single-photon 

sources for operation at room temperature, due to their sharp emission in the blue-green 

region and deep confinement potential [1]. However, a variation in the wavelength of 

emission with time (spectral diffusion) is observed in these QDs grown on the polar c-plane 

of GaN [2]. This makes the coupling of QDs to a resonant optical cavity more difficult, and 

impairs control of the QD as a qubit for use in quantum information processing. Additionally, 

for single-photon source use, the spectral diffusion must be smaller than the spacing between 

adjacent exciton and biexciton peaks, so that the single-exciton emission can be isolated. 

This study investigates the cathodoluminescence (CL) from QDs grown by modified droplet 

epitaxy on non-polar a-plane GaN, where the reduced internal fields mean that QDs are 

expected to show reduced spectral diffusion [3]. The GaN epilayers used for this study were 

grown on r-plane sapphire substrates, using epitaxial lateral overgrowth (ELOG) to generate 

regions of lowered defect density which alternate with regions of high defect density. This 

allowed us to draw comparisons between the amounts of spectral diffusion observed in 

regions of differing dislocation and stacking fault density. 

We observed that the likelihood of finding a dot that showed a high degree of spectral 

diffusion was significantly higher in the high-defect-density regions compared to low-defect-

density regions. This suggests that spectral diffusion in a-plane InGaN QDs is influenced by 

stochastic charge trapping in defects, generating local fields which influence emission 

wavelength by the quantum-confined Stark effect (QCSE) [4]. Additionally, the magnitude of 

spectral diffusion (measured in terms of standard deviation, deviation from a moving average, 

and large jump frequency) was determined to be low enough for coupling to an optical cavity 

for the vast majority of dots measured on the low-defect regions. 

These results show that an ELOG defect-reduction growth method could be effective in 

suppressing spectral diffusion in a-plane InGaN QDs to the extent required for practical 

single-photon emitters. 
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Conventional p-n-based III-nitride ultraviolet light-emitting diodes (UV-LEDs) typically have low 

efficiencies, short lifetimes, and high costs relative to LEDs emitting in the blue or red wavelength 

ranges. The challenges for these devices include the difficulty of achieving high p-type conductivity 

in III-nitrides, light absorption by the p-type layer and cracking of the device structure during or 

after growth. Therefore, it is of interest to develop new UV LEDs with simpler, thinner structures, 

lower process costs and/or higher efficiencies. Therefore, this study aims to assess the feasibility of 

III-nitride metal-insulator-semiconductor (MIS) structures for UV emission. 

The MIS devices were formed by Au electrodes, a 3nm/5 nm/10nm/20nm AlN insulating layer 

and a 2 m n-doped GaN layer (a schematic diagram is shown in Fig. 1). The effect of the 

insulating layer thickness on the current-voltage (I-V) characteristic was investigated and a 

thickness of 5 - 10 nm gave the greatest output power. Electroluminescence (EL) measurements 

were performed for the MIS device with 10 nm AlN insulating layer and near-band-edge (NBE) 

emission at 365 nm was observed, shown in Fig. 2. Temperature dependent I-V measurements 

suggest that the electron and hole transport is governed by hopping, thermionic emission and space 

charge limited conduction.  
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Fig. 1. Schematic of the MIS UV-LED structure.       Fig. 2 Room temperature EL emission spectra from MIS structures

                  with different insulator thicknesses. 
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There is a technical need for the epitaxial growth of electronic devices directly on to low-cost 

polycrystalline diamond (PD) substrates with high thermal conductivity (~2000 W/mK) in 

order to extract heat efficiently from an operating device to maintain performance stability and 

increase lifetime. Since a PD surface does not provide sufficient structural periodicity at the 

wafer scale, there has been limited progress to date. It was demonstrated by Georgakilas et al 

[1], using molecular beam epitaxy, that GaN layers could be grown on PD substrates. However, 

the films have tilts up to 2o, which is the full width at half maximum (FWHM) of GaN(0002), 

and therefore unlikely to be suitable for devices. 

This paper reports epitaxial growth of GaN films on polycrystalline diamond substrates with 

metal-organic vapour phase epitaxy by using a non-single crystal SixC layer that is formed 

during deposition of polycrystalline diamond on a silicon substrate. The SixC layer, which is 

free of Si-Si bonds at its surface, acts to provide sufficient structure ordering information for 

the formation of single crystal GaN films at the wafer scale. The films appear to have a 

nitrogen-polarity. The epitaxial relationship between nitrides and the Si(111) substrate, on 

which  the SixC layer is formed, can be used to describe the epitaxial relationship between 

nitrides and the SixC layer. It is also shown that a three-dimensional island (3D) growth process 

is needed to mitigate hexagonal defects that are often observed on GaN surfaces. Intensive 3D 

growth and curvature engineering act as a means for essential reduction of tensile stress in as-

grown GaN layers. With such engineering the GaN epitaxial layer thickness was found to be 

crack-free up to a thickness of 1.1 microns. The twist and tilt can be as low as 0.65o and 0.39o 

and are broadly comparable with GaN grown on Si substrates of a similar structure, thereby 

creating a basis for fabricating GaN based thin-film HFETs with improved heat sinking. 
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Introduction 

Semiconductor nitrides such as aluminium 
nitride (AlN), gallium nitride (GaN) and indium 
nitride (InN) are attractive for high power 
applications due to their large band gap, high 
critical electric field and good electron transport 
properties. These materials and their ternary 
alloys, especially AlGaN and GaN are widely 
used in high electron mobility transistors, where 
2-D electron gas (2DEG) sheet charge is created 
by spontaneous and piezoelectric polarisation at 
the AlGaN/GaN interface [1]. Compared to 
AlGaN/GaN, InAlN based heterostructures can 
induce higher quantum well polarisation charges, 
which in turn result in higher device currents [2]. 
 
Hiroki et al [3-4] have demonstrated the growth 
of InAlN/AlGaN/GaN on sapphire (Al2O3) 
substrates. They tested Schottky gate HEMT 
based on these structures and reported improved 
gate leakage current and sub-threshold swing 
compared to devices that use an InAlN/AlGaN 
based structure with similar barrier heights. 
These promising epi-layer structures are limited 
by the choice of substrate. An extension of the 
technology to silicon substrates is more cost-
effective and important for future 
commercialisation.  
 
In this work, we have demonstrated 
InAlN/AlGaN/GaN HEMT on Si substrates and 
characterised three wafers with different InAlN 
thicknesses using room temperature Hall 
measurements and transfer length method (TLM) 
measurements. 

 
 

Experiments and Results 

The HEMT structures were grown on 6″ 
diameter silicon wafer by MOCVD. The 

structures were first isolated by a 600nm deep 
mesa etch using SiCl4 reactive ion etching (RIE). 
Consequently, Ti/Al/Ni/Au source and drain 
ohmic contacts of 30/180/40/100 nm thicknesses 
were deposited by lift-off and annealed at 770° C 
for 30s in N2 atmosphere. This was followed by 
the formation of Schottky gate Ni/Au contacts of 
20/200 nm thicknesses, also using the lift-off 
technique. 
 
 

 
Fig.1. InAlN/AlGaN/GaN HEMT layer structure. 
 
 
Table 1: TLM and Hall measurements for varying InAlN 
thicknesses. 

x nm InAlN 

   

TLM Hall measurements 

Rc       

(Ωmm)  

Rsh            

(Ω/sq)  

Rsh  

(Ω/sq)  

μH 

(cm
2
/Vs)  

nH                   

(x1013 cm-2) 

x = 5nm  0.95 273 277 1540 1.47 

x = 6nm  0.67 300 301 1370 1.52 

x = 8nm 0.67 306 323 1060 1.82 

 

–  –  –  –  –  –  –  –  –  –  –  –  



 
Fig.2. DC output characteristics of 8nm InAlN/3nm 
AlGaN/GaN HEMT (Wg=100μm, Lds=12μm, Lg=3μm).  
 
 

 
Fig.3. Comparison of transfer characteristics for 8nm 
InAlN (black) and 5nm InAlN (blue). The increased 
polarisation-induced charge for thicker (8nm) InAlN, 
results in a more negative threshold voltage. 
(Wg=100μm, Lds=12μm, Lg=3μm) 
 
The low sheet and contact resistances as well as 
the smooth surface of the wafers grown resulted 
in high maximum currents IDS > 600mA/mm and 
transconductance gm > 200 mS/mm. 
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AlGaN/GaN heterostructure field effect transistors (HFETs) possess excellent physical and 

electrical properties, such as wide bandgap, high breakdown field, high saturation electron 

drift velocity and good thermal stability. These properties make it particularly suitable for 

high speed and high power switching applications operating at elevated temperatures. It is 

therefore important to understand the changes in the critical device parameters at high 

operating temperatures. 

 

In this work, we study the high temperature DC and dynamic operation of 600 V 

GaN/AlGaN/GaN HFETs on silicon substrates. Figure 1 shows the gate transfer 

characteristics of the HFET between 25 and 205 
0
C. A shift of -0.8 V in the threshold voltage 

is observed as temperature rises to 205 
0
C. The on-resistance (Ron) of the device increases 

from 7 to 21 Ω.mm as the temperature increases from room temperature to 205 
0
C (Figure 2). 

Sheet resistance measured from the transmission line method indicates that the increase of 

Ron with temperature is primarily due to an increase of channel resistance. The deterioration 

of sheet resistance and Ron is believed to be caused by degradation in the polar phonon limited 

channel mobility with increasing temperature [1]. 

 

The device exhibits an excellent off-state blocking voltage capability of 600 V up to 205 
0
C 

as illustrated in Figure 3. It is noted that gate leakage current dominates the off-state leakage 

across the temperature range studied. Between room temperature and 88 
0
C, the gate leakage 

current shows a negative temperature dependence with an activation energy of 163 meV. 

Above 88 
0
C, the leakage current increase with temperature with an activation energy of 191 

meV. The dynamic Ron of the device increases with temperature and drain stress bias (Figure 

4), indicating the presence of thermally and field-assisted charge trapping on the surface 

and/or in the carbon-doped GaN buffer region between the gate and drain.   
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Figure 2: I-V characteristics 

GaN/AlGaN/GaN HFETs at 25
0
C and 

205
0
C. 

Figure 1: Gate transfer characteristics 

GaN/AlGaN/GaN HFETs with varying 

temperature. 
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Figure 3: Off-state characteristics of 

GaN/AlGaN/GaN HFETs at 25
0
C and 205

0
C. 

Figure 4: Ratio of dynamic Ron to DC Ron 

for GaN/AlGaN/GaN HFETs as a function 

of voltage with varying temperature. 
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MBE grown Mg-doped GaN1-xAsx (0.17<x<0.8) has achieved a hole concentration up to 1×1020 cm-3. 

[1] This high hole concentration can be used to improve the performance of electronic devices such as 

PN diodes, p-GaN gated HFETs and JFETs. However, reports on the characteristics of the material in 

electronic devices is still lacking. In this report, we present a study of the electrical characteristics of 

p-GaN1-xAsx/n-GaN junction diodes and include the structural properties. 

The n-type GaN templates were grown on sapphire substrates by metal-organic chemical vapour 

deposition (MOCVD). A 500 nm heavily Si doped n+GaN contact layer was first grown followed by a 

3 µm GaN drift layer with Si concentration of 2×1016 cm-3. Subsequently, a 1 um thick Mg-doped 

GaN1-xAsx layer was grown using plasma-assisted molecular beam epitaxy (PA-MBE) with the Ga 

beam equivalent pressure (BEP) varied between 2.3×10-7 (sample 1) and 2.1×10-7 (sample 2) Torr. 

The detailed growth information is published elsewhere [2]. A hole concentration of 8.5×1019 cm-3 

was measured from a calibration sample with growth conditions similar to sample 1. Fig. 1 shows 

transmission electron microscopy (TEM) images of the two samples. An all-polycrystalline structure 

is observed in sample 1 whereas a transition from amorphous to polycrystalline is observed in sample 

2. The grown structure depends critically on the Ga BEP. 

Fig. 2 and Fig. 3 show the ideality factors and reverse saturation currents, I0, extracted from the 

temperature dependent current voltage (I-V-T) characteristics of the two samples in the low forward 

bias regime (<0.5 V) to determine the carrier transport mechanisms. The results suggest different 

dominant mechanisms for the two different samples. For instance, recombination dominates in sample 

1 throughout the measured temperature range whereas a transition from tunneling at low temperature 

to recombination at high temperature is observed in sample 2. The transport mechanisms in the high 

forward bias and reverse bias regimes were also analyzed. The results will be useful for designs of 

electronics devices using this material.  
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Fig. 1. TEM images with electron 

diffraction patterns of GaNAs layers 

showing (a) sample 1 (all-polycrystalline 

structure), and (b) sample 2 

(amorphous/polycrystalline structure). 

Fig.2. Temperature dependent of 

ideality factors of sample 1 and 

sample 2. 

Fig.3. Temperature dependence of I0 

as a function of T (sample 1) and 

1/kT (sample 2). Inset: I0 as a 

function of 1/kT of sample 1. 
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