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quantum efficiency (EQE) >80%,[3]  the 
efficiency decreases by at least one to two 
orders of magnitude when the device 
dimensions are reduced to micrometer, 
or nanoscale, due to the dominant non­
radiative surface recombination.[4] The 
efficiency cliff of optoelectronics, i.e., 
drastically reduced efficiency when the 
device sizes are shrunk to the micro or 
nanoscale, becomes even more severe for 
III-nitride light emitters in the deep vis­
ible (green to red), due to the large lattice 
mismatch (≈11%) between GaN and InN,[5] 
which not only leads to the formation of 
extensive defects, disorders, and disloca­
tions but also significantly reduces the 
electron–hole wavefunction overlap due to 
piezoelectric field induced polarization.[6]

The commonly reported semicon­
ducting nanowires for applications in opto­
electronics have lateral dimensions on the 
order of 100 nm or larger. Glas et al.[7] ana­
lyzed the critical dimensions for the plastic 

relaxation of semiconducting nanowires, showing that the crit­
ical layer thickness depends strongly on the nanowire diameter. 
Schematically shown in Figure 1 is the estimated critical layer 
thickness plotted versus the nanowire diameter for a hetero­
structure with lattice mismatch ≈4%, corresponding approxi­
mately to In0.32Ga0.68N grown on GaN emitting in the green 
spectrum. The critical layer thickness is ≈1 nm for conventional 
planar heterostructures (shaded gray region in Figure 1), which 
is increased to ≈3  nm for InGaN nanowire structures with 
diameters ≈100 nm (shaded blue region in Figure 1). It is there­
fore seen that the epitaxy of conventional InGaN/GaN nano­
wire arrays inevitably leads to certain level of defect formation. 
The resulting dominant nonradiative (surface) recombination 
is evident by the extremely short carrier lifetime (sub nano­
second) commonly measured for nanowire structures at room 
temperature,[8] compared to a few nanoseconds of their planar 
counterparts, which explains largely the low efficiency of con­
ventional nanowire optoelectronic devices.[9] The critical layer 
thickness, however, can be potentially increased to an indefi­
nitely large value if the lateral dimensions are further reduced 
to the deep-nano regime (<40 nm), shown as the shaded green 
region in Figure 1. Indeed, recent studies suggested that strain 
relaxation was most efficient in InGaN/GaN nanostructures 
with lateral dimensions <40  nm,[10]  consistent with the cal­
culation by Glas et  al.[7] Efficient strain relaxation of InGaN 
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1. Introduction

In the past two decades, semiconducting nanostructures, e.g., 
nanowires, have been extensively studied for applications in 
optoelectronics, including LEDs, lasers, solar cells, and photo­
detectors.[1] To date, however, it has remained a daunting 
challenge to achieve high efficiency nanoscale optoelectronic 
devices. It is generally believed that the underlying challenge 
is directly related to the enhanced nonradiative surface recom­
bination, due to the large surface area.[2] As an example, while 
broad area InGaN blue quantum well LEDs can exhibit external 
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nanostructures not only drastically reduces defect densities but 
also significantly enhances the exciton binding energy due to 
the increased electron–hole wavefunction overlap.[6c] A nearly 
100-fold enhancement in the exciton oscillator strength was 
measured in InGaN nanostructures with lateral dimensions 
<40  nm.[10b]  It is therefore envisioned that the efficiency cliff of 
nanoscale optoelectronic devices can be potentially mitigated by 
developing semiconducting heterostructures in the deep-nano 
regime. To date, however, the controlled synthesis and optoelec­
tronic properties of such ultrasmall InGaN nanostructures have 
remained largely unexplored.

Here, we show that the challenges associated with conven­
tional InGaN nanowires can be fundamentally addressed by 
developing InGaN micro-network nanostructures in the deep-
nano regime. We report on the molecular beam epitaxy (MBE) 
of InGaN micro-networks grown directly on Si wafer, which 
can exhibit lateral dimensions as small as 2–5  nm. Detailed 
structural characterization shows that the self-assembled 
micro-networks are monocrystalline, despite the complex nano­
structures. By controlling the growth conditions, the emission 
wavelengths can be tuned in the entire visible spectrum. For 
InGaN micro-network nanostructures emitting in the green 
wavelength, the emission intensity is nearly two orders of mag­
nitude stronger than conventional InGaN nanowire arrays, due 
to the significantly reduced defect formation and enhanced 
exciton oscillator strength. Detailed time-resolved photolumi­
nescence (TRPL) spectroscopy shows that the carrier lifetime is 
≈6 ns at room temperature. The surface recombination velocity 
is estimated to be ≈150  cm  s–1, which is nearly one to two 
orders of magnitude lower than conventional InGaN nanowire 
or epilayer structures.[11] This study provides a new generation 
of nanostructures that are relevant for high efficiency optoelec­
tronic devices in the deep visible.

2. Results and Discussion

In this study, Ga(In)N micro-network nanostructures were 
grown on Si substrate utilizing a Veeco Gen II MBE system 
equipped with a radio-frequency plasma-assisted nitrogen 
source (see the Experimental Section). Previous studies have 
shown that, when grown under nitrogen-rich conditions, Ga(In)
N nanowires can be readily formed on Si wafer, which are pro­
moted by the initial nucleation of GaN islands on the substrate 
and their preferential growth along the c-axis driven by energy 
minimization.[12] Different from conventional nanowire epitaxy, 
we have employed an ultrathin (approximately sub-nanometer 
to a few nanometer) AlN buffer layer, schematically shown in 
Figure 2a, to precisely control the formation of crystalline GaN 
micro-network nanostructures with lateral dimensions in the 
deep-nano regime, i.e., nearly one order of magnitude reduc­
tion compared to conventional nanowires grown by MBE.

AlN buffer layer has been commonly used for the epitaxy of 
III-nitrides on Si wafer,[13] but few studies have paid attention 
to the effect of the initial AlN nucleation on the subsequent 
growth and epitaxy process. In this study, the thickness of AlN 
layer was varied from sub-nm to ≈8 nm. Due to the large lattice 
mismatch (≈19%), the epitaxy of a thin AlN layer on Si(111) is 
described by the Volmer-Weber growth mode,[14] which is char­
acterized by the presence of nanoscale AlN islands, instead of 
smooth epilayers, on Si substrate. In addition, due to the small 
Al adatom migration length, these islands are connected, with 
the presence of extensive voids, forming a nanoscale micro-
network-like structure on Si substrate. The atomic force micros­
copy image of an AlN micro-network structure formed on Si 
wafer is shown in Figure S1 in the Supporting Information. It is 
found that the micro-network of AlN islands plays a critical role 
on the subsequent epitaxy of GaN nanostructures. Impingent 
Ga adatoms migrate through the opening voids. Different from 
nanowire epitaxy, however, the nucleation sites of GaN are pre­
determined by AlN island micro-networks. The nanoscale AlN 
islands serve as the nucleation sites and promote the coherent 
epitaxy of GaN, whereas no epitaxy takes place in the opening 
voids, thereby leading to the formation of unique GaN micro-
network nanostructures, schematically shown in Figure 2a. The 
crystalline AlN island micro-networks further promote the for­
mation of single crystalline InGaN micro-network nanostruc­
tures, to be described next.

Schematically shown in Figure 2b–d are scanning electron 
microscopy (SEM) images of GaN nanostructures grown on 
Si with the use of various AlN buffer layers under otherwise 
identical conditions (see the Experimental Section). Shown in 
Figure  2b, without the use of any AlN buffer layer, conven­
tional GaN nanowire arrays are formed directly on Si wafer, 
which have diameters ≈100 nm and are consistent with pre­
vious studies. The introduction of a thin (≈1 monolayer) AlN 
buffer layer, however, leads to the mixture of GaN nanowires 
and micro-networks. The evolution from nanowires to micro-
network nanostructures can be clearly observed with gradual 
increase of the AlN buffer layer thickness. Further increase 
of the AlN layer thickness suppresses the formation of nano­
wires and results in GaN micro-network nanostructures. It is 
also observed that the AlN buffer layer plays a critical role 
on the morphology and dimension of GaN micro-networks. 
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Figure 1.  Schematic illustration of the critical thickness variation of a 
lattice-mismatched heterostructure as a function of the lateral dimen-
sion. Blue curve: Variation of the critical layer thickness for a misfitting 
layer (misfit ≈4%) growing on top of a nanowire as a function of the 
nanowire radius (adapted from Glas et al.[7]). It is seen that in the deep-
nano regime, the critical layer thickness can be infinitely large.
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With increasing AlN buffer layer thickness, there is a gradual 
decrease of the lateral widths of the micro-network structures 
to as small as ≈5 nm. However, further increasing AlN buffer 
layer thicknesses beyond 5–10  nm leads to the formation of 
micro-network structures with larger lateral widths and even­
tual coalescence. The impact of the AlN buffer layer on the 
initial as well as the complete growth morphology of GaN 
nanostructures is also depicted in Figures S2 and S3 in the 
Supporting Information. We have further investigated the 
effect of growth parameters on the formation and proper­
ties of GaN micro-network nanostructures on an AlN buffer 
layer with a nominal thickness of ≈5 nm. It is observed that 
the lateral widths of micro-network nanostructures show 
a decreasing trend with increasing N2 flow rate and/or 
increasing growth temperature (see Figures S4 and S5, Sup­
porting Information).

The GaN micro-network nanostructures were then utilized 
as a template for the epitaxy of InGaN nanostructures. N-rich 
growth conditions were used to promote the epitaxy of InGaN 
preferentially along the c-axis while suppressing the lateral 
growth (see the Experimental Section). Therefore, InGaN 
micro-network nanostructures can be readily obtained, shown 
in Figure 3a,b. Based on the SEM image analysis, it is observed 
that the average pore size of the structure is ≈0.01 µm−1 with a 
range of circularity averaging 0.63 and the micro-network lateral 

dimension averages at 47.18 nm. The details for the distribution 
for these parameters are presented in Figure S6a–c in the Sup­
porting Information. Electron microscopy characterization of 
the InGaN micro-network nanostructure reveals successful 
large-scale growth of an In-rich InGaN structure with no phase 
segregation and high crystallinity. The epitaxial growth of an 
In-rich InGaN segment on top of a bottom GaN layer is further 
confirmed through STEM imaging and simultaneous chemical 
mapping of the micro-network nanostructure (Figure  3c and 
Figure S7, Supporting Information). Indium distribution in 
the InGaN segment is unconfined and homogeneous, which 
suggests large-scale incorporation of In-rich crystal across the 
entire micro-network nanostructure.

As indicated by the sharp diffraction peaks in selected area 
electron diffraction (SAED) patterns (Figure  3d), the InGaN 
micro-network nanostructures are single crystal and share 
a common crystallographic axis. The stark crystallinity of the 
InGaN micro-network defies initial expectations from the 
specimen’s complex mesoscale morphology. Single crystal­
linity is maintained across micrometers of material, as shown 
by the circular aperture selecting the entire micro-network 
nanostructure in cross-section. Across ≈1.75  µm of the micro-
network laterally, there is only <0.5° rotation of the crystal axis. 
Crystallinity of the InGaN structure is further verified at atomic 
resolution with high-angle annular dark field (HAADF) STEM. 
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Figure 2.  a) Schematic representation GaN micro-network nanostructure grown on Si substrate with AlN buffer layer. b–d) SEM images of GaN 
nanostructures grown on Si. b) Nanowire arrays are formed on Si in the absence of any AlN buffer layer. c) A mixture of nanowires and micro-network 
nanostructures are formed on Si with the use of ≈1 ML thick AlN buffer layer. d) Formation of GaN micro-network nanostructures on Si with the use 
of ≈8 nm thick AlN buffer layer.
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The atomic structure in Figure  3e matches that of the [100] 
lattice plane of InGaN crystal. The unique single crystalline 
nature of such complex nanostructure arrays is directly related 
to the coherent epitaxy of GaN on single crystalline AlN island 
micro-networks. From our atomic resolution HAADF STEM 
images, there are no discernible dislocations in the specimen 
over a 15 nm × 15 nm range; however, dislocations could exist 
beyond the range indicated. The micro-network lateral widths 
vary from as small as a few nanometers to tens of nanometer, 
while the height is ≈200  nm. The effects of growth parame­
ters on the formation and properties of InGaN micro-network 

nanostructures were further studied in detail and described in 
Figure S8a–c in the Supporting Information.

InGaN micro-network nanostructures grown on Si can 
exhibit tunable emission across nearly the entire visible 
spectrum. Shown in Figure 4a are the normalized photo­
luminescence spectra measured at room temperature for InGaN 
micro-networks with various indium incorporation. It is seen 
that the emission wavelengths can be controllably tuned from 
blue to the deep visible. Figure 4b shows the room temperature 
photoluminescence spectra of the InGaN micro-network and 
that of a conventional InGaN nanowire structure with nearly 
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Figure 3.  a) SEM image of as-grown InGaN micro-network nanostructures on Si (111) substrate at 45° tilt angle. Inset: Schematic of the layer structure. 
b) Top view SEM image of as-grown InGaN micro-network nanostructures. c) High-angle annular dark field (HAADF) STEM image of cross-sectional 
InGaN micro-network nanostructures with energy-dispersive X-ray (EDS) elemental mapping of Ga and In atoms. d) Selected area electron diffraction 
(SAED) across ≈2.5 µm of micro-network nanostructure in cross-section. Imaging regions corresponding to each SAED pattern are marked by circular 
apertures with matching colors. Single-crystallinity is maintained over the entire range (≈2.5 µm) with only 0.5° crystal rotation over a distance of 
1.75 µm. e) Atomic resolution HAADF-STEM confirms that the specimen is highly crystalline and consistent with the InGaN [100] lattice plane.
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identical surface area. It is seen that InGaN micro-network 
nanostructures exhibit nearly two orders of magnitude enhance­
ment in the luminescence emission. Shown in Figure  4c, the 
extremely bright photoluminescence emission of InGaN micro-
network nanostructures, compared to conventional nanowires, 
is further confirmed over a broad range of excitation power. It 
is worth noting that, given their nearly identical surface area, 
the drastically enhanced luminescence intensity may not be 
solely explained by variations in the light extraction efficiency. 
Instead, the ultrabright photoluminescence intensity of the 
InGaN micro-network nanostructures can be attributed to the 
significantly reduced nonradiative surface recombination and 
enhanced exciton oscillator strength in such nanoscale struc­
tures. Strain relaxation of InGaN/GaN is most significant in 
nanostructures with lateral dimensions ≈40 nm, or less, as sug­
gested by some recent studies,[6c,10] thereby leading to drasti­
cally reduced nonradiative (surface) recombination. Moreover, 
efficient strain relaxation leads to significantly reduced piezo­
electric polarization fields and therefore enhanced electron–
hole wavefunction overlap. As such, the exciton binding energy 
increases drastically with reducing lateral dimensions of InGaN 
nanostructures. Exciton binding energy value from 70 meV to 
larger than 100 meV has been calculated for InGaN nanowall 
structures with lateral dimensions <40  nm,[6c]  which is nearly 
five to ten times larger than that in InGaN bulk. Previous 
studies further suggested that the exciton oscillator strength of 
InGaN nanostructures with such small dimensions could be 
enhanced by nearly 100-fold, compared to quantum well or con­
ventional nanowire structures,[10] thereby leading to significantly 
enhanced quantum efficiency and emission intensity.

Optical properties and carrier dynamics of InGaN micro-
network nanostructures were further studied utilizing time-
resolved femtosecond laser spectroscopy. The samples were 
excited with the 400 nm output from the second harmonic of 
a 80  MHz/70 fs Ti:sapphire laser, focused to a spot of 16  µm 
diameter. The photoluminescence transient was analyzed 
using a 0.75 m monochromator and a high-speed single 
photon counter. The photoluminescence transients for the 
InGaN micro-network sample measured at different excitation 
power densities from 2 W cm–2 to 20 k W cm–2 are shown in 
Figure 5a. The transients were fitted using a standard stretched 
exponential decay and plotted in Figure  5b, where a relatively 
long lifetime of over 5 ns was measured for the InGaN micro-
network nanostructures at low excitation powers.[15] Such rela­
tively long carrier lifetime is comparable to that of high quality 
InGaN quantum well structures despite the large surface area, 
suggesting that nonradiative surface recombination plays a 
negligible role in the carrier recombination.[15c,16] This obser­
vation is also consistent with the extremely bright photolumi­
nescence emission measured at room temperature and can be 
well explained by the robust excitonic emission and reduced 
Shockley–Read–Hall (SRH) recombination, which would have 
the dominant effect on carrier lifetime at low carrier densities. 
At higher excitation, a decrease in lifetime is observed, which 
can be attributed to the enhanced radiative recombination and, 
to some extent, higher order carrier loss terms such as Auger 
recombination and carrier delocalization.[17] For comparison, 
significantly shorter carrier lifetime in the range of 0.2–0.5 ns 
have been commonly measured for conventional InGaN 
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Figure 4.  a) Normalized room-temperature photoluminescence (PL) 
spectra for InGaN micro-network nanostructures, showing tunable emis-
sion in the entire visible spectrum. b) Photoluminescence spectra of the 
InGaN micro-network sample and conventional InGaN nanowire struc-
tures with similar surface area, showing nearly two orders of magnitude 
enhancement of the luminescence emission. c) Variations of the inte-
grated PL intensity with excitation power for InGaN micro-network and 
nanowire structures measured at room temperature.
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nanowire arrays, limited by surface recombination, shown in 
Figure 5b.[8]

We further performed excitation power dependent meas­
urements on the InGaN micro-network nanostructures as 
well as some previously reported spontaneous InGaN nano­
wire samples[9b] utilizing the same laser source as described 
above. The photoluminescence signals were analyzed using 
a 0.75 m monochromator and detected with a UV-enhanced 
photomultiplier tube (PMT). The relative EQE at different exci­
tation powers is plotted in Figure 5c for both samples. It is seen 
that the EQE of InGaN micro-network nanostructures is nearly 
two orders of magnitude higher than that of InGaN nanowire 
samples, which is consistent with the measurements shown in 
Figure 4. At higher excitation powers, a clear efficiency droop is 
observed for the micro-network nanostructures, which is sim­
ilar to that of conventional high efficiency broad area InGaN 
light emitters.[4a] Efficiency droop, however, is not seen for the 
InGaN nanowire sample, due to the dominant nonradiative 
SRH recombination. To further analyze the data, the genera­
tion rate was estimated for different excitation intensities and 
described in Figure S9 in the Supporting Information.

Under very low excitation conditions, the carrier lifetime 
is primarily limited by nonradiative surface recombination 
for nearly strain and defect-free InGaN nanostructures. If 
neglecting the contribution of bulk recombination to the car­
rier lifetime, the nonradiative surface recombination lifetime 
is estimated ≈6 ns for micro-network nanostructures, which is 
nearly one order of magnitude higher than that of conventional 
nanowire structures (commonly measured in the range of 0.2–
0.5 ns at room temperature). Therefore, an upper bound of the 
surface recombination velocity (S) can be estimated from the 
following equation[18]

4 PL

S
d

τ
= 	 (1)

where d is the lateral width of the nanostructures and τPL is 
the carrier lifetime determined from the TRPL measurements 
under low excitation conditions. For the micro-network nano­
structures with lateral widths ≈30  nm, the surface recom­
bination velocity is calculated to be ≈150  cm  s–1. For InGaN 
nanowire samples, based on the commonly measured carrier 
lifetime ≈0.3 ns and nanowire diameters ≈100 nm, the surface 
recombination velocity is estimated to be ≈10 000 cm s–1. It is 
seen that the strain relaxed InGaN micro-network nanostruc­
tures exhibit a surface recombination velocity that is nearly 
two orders of magnitude smaller than conventional nano­
wires. The drastically reduced surface recombination, together 
with the enhanced electron–hole wavefunction overlap and 
exciton oscillator strength, can therefore explain the extremely 
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Figure 5.  a) TRPL for InGaN micro-network nanostructures measured 
at different excitation powers. b) Carrier lifetime versus excitation power 
density of the InGaN micro-network nanostructures and some previously 
reported InGaN nanowires at room temperature. c) EQE variation as a 
function of power density for InGaN micro-network nanostructures and 
InGaN nanowires, showing nearly two orders of magnitude enhancement 
of luminescence emission efficiency of micro-network nanostructures, 
compared to conventional nanowires.



www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH2102263  (7 of 8)

www.advopticalmat.de

Adv. Optical Mater. 2022, 10, 2102263

bright luminescence emission of InGaN micro-network 
nanostructures.

3. Conclusion

In summary, we have performed a detailed study of the epi­
taxy and characterization of InGaN structures in the deep-nano 
regime, with lateral dimensions as small as a few nm. These 
strain-relaxed nanostructures can exhibit drastically reduced 
defect formation, negligible nonradiative surface recombina­
tion as well as significantly enhanced exciton oscillator strength. 
Compared to conventional nanowire structures with similar sur­
face area, the surface recombination velocity of such deep-nano 
structures is reduced by nearly two orders of magnitude, which 
is evidenced by the extremely bright luminescence emission as 
well as the long carrier lifetime measured at room temperature. 
This study provides a new direction for the design and develop­
ment of next generation semiconducting nanostructures to break 
the efficiency bottleneck of nanoscale optoelectronic devices.

4. Experimental Section
MBE Growth: In this work, the epitaxy of micro-network 

nanostructures was performed under nitrogen rich conditions using 
Veeco Gen II radio-frequency plasma-assisted MBE growth system 
on Si (111) substrate. The Si substrate was cleaned with acetone and 
methanol and subsequently dipped into 10% buffered hydrofluoric 
acid prior to loading to eliminate the native oxides. No external metal 
catalyst was involved for the growth of the micro-network under the 
nitrogen-rich conditions. The AlN buffer layer growth conditions include 
a substrate temperature of 810 °C, Al beam equivalent pressure (BEP) 
of 2 × 10–8 torr, and N2 flow rate of 1 sccm. The GaN growth conditions 
include a substrate temperature 680 °C, Ga BEP of 5 × 10–8 torr, and N2 
flow rate 1.5 sccm. Ga BEP of 5 × 10–8 torr, In BEP of 4.5 × 10–8 torr, and 
1.5 sccm nitrogen flow rate were used for the InGaN micro-network layer. 
The initial thin AlN buffer layer was directly grown on Si (111) substrate 
for up to 5 min. Then, the bottom GaN layer was grown on top of buffer 
AlN segment for 1 h. The top InGaN layer was subsequently grown for 
2 h on top of the GaN layer.

Electron Microscopy Methods: HAADF-STEM images with simultaneous 
STEM-EDS spectroscopic mapping, and SAED patterns were obtained 
on a Thermo Fisher Talos F200X G2 (200  keV,  10.5  mrad).  The EDS 
system is equipped with a windowless setup of four silicon drift 
detectors (SDDs, active area  =  4  ×  30 mm2, solid angle  =  0.9 srad). 
Atomic resolution HAADF-STEM images were collected using a JEOL 
3100R05 microscope with double Cs aberration corrected STEM 
(300  keV, 22  mrad). Samples for STEM and EDS measurements were 
prepared in cross-section by mechanical wedge polishing that provides 
a large and thin area for analyzing samples in the micro-, nano-, and 
atomic scale.

Structural and Optical Characterization: A He-Cd 325  nm  laser was 
used as the excitation source for measuring the room-temperature PL 
of the as-grown InGaN nanostructures. The PL emission was detected 
using a PMT detector coupled to an SPEX spectrometer. Hitachi SU8000 
with an accelerating voltage of 10  kV was used for scanning electron 
microscopy (SEM) imaging.
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