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Epitaxial growth of three-dimensionally
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Optoelectronic devices have long benefited from structuring
in multiple dimensions on microscopic length scales. How-
ever, preserving crystal epitaxy, a general necessity for
good optoelectronic properties, while imparting a complex
three-dimensional structure remains a significant challenge.
Three-dimensional (3D) photonic crystals are one class of
materials where epitaxy of 3D structures would enable
new functionalities. Many 3D photonic crystal devices have
been proposed, including zero-threshold lasers1,2, low-loss
waveguides3–5, high-efficiency light-emitting diodes (LEDs)
and solar cells6–8, but have generally not been realized be-
cause of material limitations. Exciting concepts in metama-
terials, including negative refraction and cloaking, could be
made practical using 3D structures that incorporate electrically
pumped gain elements to balance the inherent optical loss of
such devices9. Here we demonstrate the 3D-template-directed
epitaxy of group III–V materials, which enables formation of
3D structured optoelectronic devices. We illustrate the power
of this technique by fabricating an electrically driven 3D
photonic crystal LED.

Despite significant efforts over the past two decades, the
development of 3D structured materials that possess the requisite
low defect density for optoelectronic functionality has remained
elusive. There are many pathways by which to impart a complex 3D
structure into amorphous or polycrystalline materials10–13, however
such materials have poor electrical properties. In particular, for
optoelectronic devices where long carrier lifetimes are required,
it will almost certainly be necessary to form the 3D structure
from a single-crystal, direct-bandgap semiconductor to minimize
undesired recombination and other losses. Approaches based
on the patterning of single-crystal starting materials, including
anisotropic dry etching14, wafer bonding15 and layer-by-layer16,17
assembly techniques, are intriguing. However, they are limited to
specific 3D structures and materials, and often contain undesirable
defects; thus, as far as we are aware, optoelectronic activity
has not been demonstrated so far from any device formed
using these approaches.

Here we demonstrate the epitaxial growth of group iii–v
semiconductor 3D nanostructured materials, including those
containing light-emitting heterostructures, by selective area epitaxy
(SAE) through a 3D template. As traditionally performed, selective
area epitaxy is a process during which a two-dimensional (2D),
typically oxide, mask is patterned on a semiconductor wafer and
material is subsequently grown by metal–organic chemical vapour
deposition (MOCVD). Growth occurs only on the exposed regions
of semiconductor, resulting in a patterned film. We show that a 3D
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nanostructured mask can be used in conjunction with MOCVD to
epitaxially grow a 3D structured, optoelectronically active, GaAs-
based material—in this case, a 3D photonic crystal. Epitaxy is
preserved even as the GaAs grows through the complex geometry
of the template.

A representative 3D photonic crystal is shown schematically and
in the scanning electron microscope (SEM) cross-section image in
Fig. 1a. The SEM image shows a colloidal crystal template that has
been partially filled from the substrate upwards withGaAs bymeans
of selective area epitaxy. Growth initiates in the [001] direction
from the GaAs(001) wafer surface, however to grow around the
template the growth front propagates in various directions. This
is observed in the inset of Fig. 1a, where the growth front moves
off-normal to propagate around the template. After the template
is almost completely filled (Fig. 1b), it is etched, leaving a porous
3D semiconductor structure (Fig. 1c). We intentionally underfill
the template to prevent formation of a sealed surface, which
would lead to difficulty removing the template. Three-dimensional
SAE was also performed through polymer templates created using
interference lithography by first converting the template to a
thermally stable material such as alumina (Fig. 1d), followed by
growth of GaAs and removal of the template (Fig. 1e), providing
a route to almost any 3D structure, given the versatility of
interference lithography13,18,19.

The fact that the growth begins at the substrate, and proceeds
upwards, is only evidence of selective area deposition, not epitaxy.
Epitaxy of the photonic crystals was quantitatively confirmed using
2θ/ω X-ray diffraction (Fig. 2a), electron diffraction (Fig. 2c,d)
and texture measurements (Fig. 2b) on samples after template
removal (for example Fig. 1c). In the 2θ/ω measurements only the
GaAs(002)/(004)/(006) peaks were detected, indicating a common
out-of-plane lattice spacing between the photonic crystal and
the substrate. The crystalline nature of the deposit (Fig. 2c) was
confirmed by electron diffraction (Fig. 2d). Epitaxy was confirmed
by pole figure analysis (Fig. 2c), which shows four strong peaks at
45◦ originating from (220) reflections. The pole figure also shows
several additional peaks that are due to (111) twinning in the film
(see Supplementary Table S1), which often occurs during growth of
group iii–v nanostructures, such as nanowires.

Traditional 2D selective area epitaxy relies on a strong preference
for growth on the semiconductor substrate rather than the mask
material20–23. When applied to planar device fabrication, if a small
amount of nucleation occurs on the mask surface the nuclei
are typically removed when the mask is etched. However, if
nucleation occurs on the surface of our 3D masks (Fig. 3a) a
polycrystalline film will result, because the surface nuclei penetrate
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Figure 1 | Three-dimensionally patterned GaAs photonic crystals. a, Schematic and SEM of a 3D photonic crystal template partially filled with GaAs by
epitaxy. Inset highlights off-normal growth directions that occur when the GaAs grows around the template. Schematic and focused ion-beam
cross-section SEM images of b, GaAs filled template and c, inverted (template removed) GaAs structure. d, Polymer template formed by multibeam
interference lithography. The template was filled with alumina and the polymer was removed, providing a template with high temperature stability for
GaAs growth. e, The GaAs filled the alumina template. GaAs is shown in blue and alumina in red in the colourized image.
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Figure 2 | Verification of epitaxy during 3D patterned growth. a, 2θ/ω X-ray diffraction measurement of a GaAs 3D photonic crystal. The red lines and
labels are the expected locations for polycrystalline reflection peaks, which are not observed. b, Pole figure (220) X-ray diffraction measurement of the
same photonic crystal. The individual peaks from the (220) family of planes are observed at ψ =45◦, rather than a circumferential ring of intensity, as are
peaks due to (111) twinning. The scale rings are in 15◦ increments. c, Transmission electron micrograph of a small piece of a GaAs photonic crystal grown by
3D SAE. d, Electron diffraction from the structure in c.

downward into the template as shown in Fig. 3b and merge with
the upward propagating growth front, resulting in incorporation
of polycrystalline material into the 3D structure. Elimination of
surface nucleation is a critical component for successful 3D SAE.
It is known that an interplay between the growth temperature,
reactor pressure, and the partial pressures of the group iii
precursors controls the rate of heterogeneous nucleation during

SAE (refs 24,25; see Supplementary Information). Diffusion of
the precursors through the 3D template is reduced in comparison
with the bulk gas phase, resulting in an increased partial pressure
of the source materials over the 3D mask, which affects the
heterogeneous nucleation behaviour. Therefore, conditions for
selective growth are different for 2D and 3D masks and must
be elucidated25.
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Figure 3 | Heterogeneous nucleation behaviour during 3D selective area epitaxy. a, Top surface of a 3D template after growth of GaAs under conditions
that yield polycrystalline nucleation on the mask. b, Focused ion-beam cross-section through a polycrystalline nuclei. c–e, Optical micrographs of 3D
template surface from regions of 11, 9 and 6 layers, respectively, with varying degrees of polycrystalline nucleation (black spots). f, Plot of partial pressure
of monomethyl gallium over the 3D mask surface as a function of template thickness (number of layers), calculated by finite-element modelling. Red
circles are under the conditions used to grow the samples shown in c–e and black circles are after a reduction of the inlet flow rate of the group III source,
as described in the text. Open circles denote conditions where nucleation occurs and closed circles denote nucleation-free growth.

The rate of heterogeneous nucleation is also strongly influenced
by the thickness of the template (for example the number of layers
or periods) because this affects the partial pressure of precursor
over the template owing to the reduced diffusivity through the 3D
structure. The effect of template thickness or diffusion distance
on precursor partial pressure is presented in Fig. 3c–e, where the
nucleation density is high, moderate and approaching zero as the
number of layers of the template decreases from 11 to 9 to 6.
Finite element modelling of the group iii source concentration
profile over the 3D mask was used to calculate the partial pressure
threshold for heterogeneous nucleation22,25. Diffusion through the
3D mask was modelled using Knudsen and Enskog diffusion26,
allowing calculation of the partial pressure above the mask for the
structures with 11, 9 and 6 layers (Fig. 3f, red circles). The threshold
partial pressure for nucleation on the surface of this template is
defined to be approximately the partial pressure over the six-layer
mask (Fig. 3e), as nucleation did not occur in this region. The
reactor pressure and inlet precursor pressures are chosen such that
the calculated group iiipartial pressure over even the thickest region
is maintained well below the nucleation threshold (Fig. 3f, black
circles), resulting in nucleation-free growth (for example Fig. 1a).

Epitaxial growth alone is not sufficient for optoelectronic device
operation. Surface recombination is a significant concern in group
iii–v optoelectronic devices, and the porous material shown in
Fig. 1c has a large surface area. Unoccupied bonds at surfaces
act as carrier traps, resulting in non-radiative recombination and
significant decreases in device efficiency. This can be prevented
by growth of a wider bandgap semiconductor passivation layer on
exposed surfaces, creating a potential barrier that prevents carriers
from reaching unoccupied bonds. We demonstrate that this may
be achieved on a non-planar, 3D material architecture by growing
a GaAs/AlGaAs/GaAs heterostructure on all exposed surfaces of the
3D structure after removal of the template (Fig. 4c, a monolayer
to highlight the faceting; multilayer structures are shown in
Supplementary Fig. S3b,c). The approximately 10 nmAl0.75Ga0.25As
layer has a larger electronic bandgap than InGaAs or GaAs, creating
an effective potential barrier for carriers in the structure, whereas
the outermost GaAs layer serves to prevent oxidation of the AlGaAs.
GaAs growth through the template is defined by the template ge-
ometry; however, after removal of the template, the AlGaAs growth
will occur at different rates for different crystallographic directions.
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Figure 4 | Surface passivation of 3D structured group III–V materials.
a, Photoluminescence measurements of a 3D structured (blue) and
unpatterned (black) material before (dashed) and after (solid) passivation.
Before passivation, the photoluminescence of both samples is low and
essentially overlaps. b, GaAs structure after inversion grown partially
through the first layer of a template. The curvature imparted by the
template is clearly visible. c, The structure from b after growth of a
passivation layer (GaAs/AlGaAs/GaAs). The epitaxial nature of the
passivation layer is highlighted by the faceting of the structure.

The smooth curvature of the template (Fig. 3b) thus gives way to
the faceted structure seen in Fig. 3c, as certain planes grow faster
than others, indicating epitaxial growth of the passivation layer
on the underlying structure. The effectiveness of the passivation
process is characterized by the intensity of the photoluminescence
signal before and after passivation, which is related to the relative
amount of surface recombination. Photoluminescence (PL) from
a multilayer 3D structure (Supplementary Fig. S3b,c) and planar,
unpatterned film grown concurrently on the same substrate exhibit
similar PL before passivation and an increase in PL intensity
of about an order of magnitude or more after (Fig. 4a). The
unpatterned material exhibits approximately three times greater
PL signal than the 3D structure after passivation, which is probably
due to the greater surface area of the 3D structure (by approximate
factor of π). By optimization of the passivation process, 3D
structures that exhibit a 20 times increase in photoluminescence
after passivation have been obtained (Supplementary Fig. S3a).
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Figure 5 | Electrically driven emission from 3D photonic crystal LED. a, Schematic of a GaAs 3D photonic crystal (blue) containing an InGaAs
light-emitting layer (red). The structure is lithographically patterned into the form of a cylindrical mesa with a ring electrode on the top surface (gold).
b, An optical micrograph of a device under white light illumination showing the Ti/Au ring electrode and the mesa surrounded by the etched GaAs.
c–e, Following current injection (c, 2 mA, d, 4 mA, e, 6 mA) light is emitted and collected by an infrared camera. The light output increases with current.
f, Electroluminescence (EL) spectra from 3D photonic crystal (PhC) LEDs with lattice constants of 735 nm and 1,030 nm respectively. The shape of the EL
spectrum from the 735 nm lattice constant structure does not change when the pores are filled with dodecane, whereas the EL spectrum from the
1,030 nm lattice constant structure changes significantly when the pores are filled with o-xylene. The EL spectra from the 1,030 nm lattice constant
structure are shifted up for clarity. g, EL spectra from a 3D PhC LED where the emission is not modified by the 3D structure (a= 735 nm). The EL intensity
increases linearly with current.

Themost important feature of the 3D SAE process is that growth
begins at the substrate and extends upwards while preserving
epitaxy, enabling formation of chemically and electrically complex
heterostructures. The complex 3D photonic crystal optoelectronic
devices proposed for many years, but never realized, require
epitaxially grown 3D structured semiconductor materials with
electronic dopants and embedded light-emitting (or collecting)
heterojunctions. We demonstrate such a device by fabricating a 3D
photonic crystal LEDusing 3D selective area epitaxy. The device was
grown by incorporating an InGaAs layer between lower (Si-doped)
and upper (C-doped) GaAs cladding layers during growth through
the 3D template, thereby defining a light-emitting heterostructure
within a 3D PhC (Fig. 5a). The final 3D photonic crystal LED
(Fig. 5a,b) consists of a 120 µm diameter ring electrode on the
top of a 3D PhC cylindrical mesa (the mesa serves to prevent
current spreading beyond the device boundary). The light-emitting
layer consists of approximately 15 nm InGaAs (∼50% indium),
bounded on each side by 800 nm of undoped GaAs and thicker
layers of Si and C-doped GaAs. An array of devices (Supplementary
Fig. S1) show excellent electrical rectification and device-to-device
reproducibility. The electrically driven emission from a device is
shown in Fig. 5c–e at increasing drive currents. At 2mA the mesa
is emitting light from the entire device, with the strongest emission
from the centre of the ring electrode. At higher drive currents
the light output increases as expected. Electroluminescence (EL)

spectra collected from a device at varying drive currents (Fig. 5g)
exhibited a peak emission wavelength of 1,230 nm, which was
invariantwith drive current. The light output increased linearly over
the studied current range (Supplementary Fig. S2).

The emission of two devices with different lattice constants
was compared to observe the effects of the PhC structure on the
behaviour of the device. The EL spectra were measured before
and after infiltration of a solvent (either dodecane or o-Xylene),
which is used to change the refractive index contrast of the system.
The device with lattice constant a= 735 nm shows no change in
spectral shape due to infiltration of the solvent, indicating that
the interaction of light with the periodic material is minimal. The
only change is an increase in the emission intensity due to reduced
scatter from the PhC surface when the refractive index contrast
is reduced. Conversely, the device with the larger lattice constant
(a= 1,030 nm) demonstrates a noticeable change in peak shape on
infiltration of the solvent. This indicates that the emission spectrum
of this device is probably modulated by interaction of the InGaAs
with the modified optical density of states of the 3D structure. Our
band structure calculations suggest this is the case (Supplementary
Fig. S4), however we do not draw extensive conclusions, if for no
other reason than the fact that the finite thickness of the device leads
to a disparity between experiment and band structure calculations.

We have developed a novel 3D SAE approach to create opto-
electronically active 3D nanostructured group iii–v semiconductor
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devices. We highlight this approach as a unique route to 3D
nanostructured optoelectronic devices by fabricating, and demon-
strating electrically driven emission from, a 3D photonic crystal
LED, which has not been achieved by other means. The improve-
ments in device performance that will lead to the future application
of 3D architectured materials in practical injection electrolumi-
nescent devices will require significant efforts to concurrently
maximize both optical and electronic properties. Research will need
to address, for example, the photonic band structure, electrical con-
ductivity and surface passivation. The end result will be a powerful
new optoelectronic device technologywithwide applicability.

Methods
Template fabrication. Colloids were synthesized using the methods of
Stöber et al.27 and colloidal crystal templates were formed using methods similar to
previously published techniques28. Sphere diameters used in this work were 520,
760 and 920 nm, which were calcined for 13 h at 720 ◦C (520 and 760 nm) and 72 h
at 600 ◦C (920 nm). Templates formed using multibeam interference lithography
were fabricated in SU-8 photoresist (MicroChem, SU-8 2000 series) using a
532 nm frequency-doubled Nd:YVO4 laser according to previously published
procedures29,30. The SU-8 was spin-coated on GaAs substrates that had an e-beam
evaporated TiO2 antireflection coating. Photoresist templates were converted to
aluminium oxide using a Cambridge Nanotech ALD system. The photoresist and
TiO2 were removed using a high-pressure (500 mtorr) reactive ion etch (20 s.c.c.m.
O2, 2 s.c.c.m. CF4) at 150 W (the TiO2 underneath the alumina was not undercut,
allowing the alumina template to remain on the TiO2-coated GaAs substrate). Silica
template removal was achieved using a buffered oxide etch (Transene, Buffered-HF
Improved). Alumina templates were removed using a mixture of 10% HF, 45%
water and 45% ethanol.

MOCVD growth and device fabrication. MOCVD growth was performed in an
Aixtron 200/4 low-pressure MOCVD reactor at 50mBar. Arsine was used as the
group V source and trimethyl gallium, trimethyl indium and trimethyl aluminium
were used as group iii sources. Growth temperatures ranged from 625 to 800 ◦C
depending on alloy composition and dopant gas used. Samples were doped using
disilane (silicon, n type) and carbon tetrabromide (carbon, p type). All substrates
were epi-ready GaAs from AXT Technologies (GaAs:Si, 1–3× 1018 cm−3).
Typical precursor flow rates were 15,000 s.c.c.m. H2, 5×10−4 molm−1 arsine,
10−5 molm−1 trimethylgallium and 10−6 molm−1 trimethylindium. The growth
rate varies significantly with PhC lattice constant, fill factor and number of layers.
The range of growth rates used for this work was 0.04–0.5 nm s−1. Contacts were
evaporated onto the samples using a CHA SEC-600 e-beam/thermal evaporator.
The contact materials are Ge/Au/Ni/Au for n-type contacts and Ti/Pt/Au for p-type
contacts (n-type contacts were alloyed at 350 ◦C for 120 s under hydrogen).

Before MOCVD growth, samples were degreased using a 5m acetone rinse
(twice), 2m methanol rinse, 2m isopropyl alcohol rinse and then blown dry.
Samples were then cleaned in an O2 plasma (TI Planar Plasma etch) at 300W for
10m. Before loading into the reactor an oxide etch was performed using 50:50
HCl: H2O. Each growth step, apart from AlGaAs capping, was preceded with a
10m oxide bakeout at 750 ◦C. For AlGaAs passivation growth processes a 1:10
ammonia:water oxide etch was performed in a glovebox connected to the MOCVD
reactor to prevent oxidation of the sample before loading into the reactor; no oxide
bakeout was performed.

Devices were fabricated by first depositing n-type contacts on the back
surface of each sample and annealing. The ring contact was deposited using a
custom-made kapton shadow mask. The samples were then coated with 900 nm
of SiO2 using plasma-enhanced chemical vapour deposition (PECVD) and coated
with photoresist (AZ4620). The photoresist was patterned to leave a circle over the
ring electrodes and the exposed SiO2 was subsequently etched using reactive-ion
etching (RIE; CF4,O2). Samples were dipped in buffered HF (Transene, Buffered
HF Improved) for 30 s, rinsed in isopropyl alcohol and dried under nitrogen.
A 60 s O2 plasma clean of the samples was performed, followed by inductively
coupled plasma-RIE (ICP-RIE) etching of the GaAs (SiCl4, Ar) to form a mesa. The
remaining SiO2 was then removed with a 5m dip in bufferedHF.

Device characterization. Scanning electron micrographs were taken on a
Hitachi S-4800 SEM or FEI Dual Beam 235 focused ion-beam lithography
system. X-ray diffraction measurements were performed on a Phillips X’Pert
MRD system with a 4-bounce germanium monochromator and PIXcel line
detector. Photoluminescence measurements were taken using an Ar-ion laser
operating at 488 nm and either an InGaAs detector with a lock-in amplifier
or Princeton Instruments Si CCD detector. Electroluminescent samples were
measured using a Control Development fibre-coupled InGaAs CCD detector
with single-stage thermoelectric cooling. Infrared micrographs were taken using a
XenICs Xeva-FPA-1.7-320 attached to a Bruker Hyperion microscope with a 10×
glass objective (NA= 0.1).
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