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Self-assembled columnar AlGaN/GaN nanocavities, with an active region of GaN quantum disks
embedded in an AlGaN nanocolumn and cladded by top and bottom AIN/GaN Bragg mirrors, were
grown. The nanocavity has no cracks or extended defects, due to the relaxation at the Si interface and to
the nanocolumn free-surface to volume ratio. The emission from the active region matched the peak
reflectivity by tuning the Al content and the GaN disks thickness. Quantum confinement effects that
depend on both the disk thickness and the inhomogeneous strain distribution within the disks are clearly

observed.
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The wide interest in blue and UV-range optoelectronic
devices has spurred extensive scientific and technological
effort into the field of III nitrides. Because of their direct
wide band gap, GaN and its alloys with In and Al are not
only suitable for detectors [1], light emitting diodes [2],
and vertical cavity surface emitting lasers [3] for a broad
variety of applications, but also envisaged as an excellent
material system for fabrication of semiconductor micro-
cavities. Compared to GaAs quantum microcavities, the
expected Rabi splitting (splitting of exciton-polariton
modes) is predicted to be more than an order of magnitude
higher, due to a giant exciton oscillator strength in GaN [4].

In addition, an overall improvement of the optoelec-
tronic devices is anticipated through further miniaturiza-
tion to nanoscale dimensions that enhances charge local-
ization effects. In that direction, attempts to achieve ““wire-
like”” nanostructures, either by a self-assembled process or
by electron-beam lithography definition, are pursued [5—
7]. The growth of self-assembled II-nitride nanocolumns
by molecular beam epitaxy (MBE) on different substrates
has been recently reported [7—9]. These nanocolumns are
fully relaxed and free of extended defects, showing excel-
lent optical properties. The columns diameter (20—120 nm)
and density are successfully controlled by means of the
II/V element flux ratio and the growth temperature [7].
Once the nanocolumnar growth is mastered, different het-
erostructures with additional lateral confinement can be
grown by placing quantum disks of a lower band gap
material, like the GaN/AlGaN nanostructures already re-
ported [10]. Such structures are especially attractive for
single photon sources [11], for parametric amplifiers or
switches, and for developing novel devices such as single
electron transistors or highly sensitive biosensors.

In this Letter we report on the self-assembled growth by
MBE of columnar GaN/AlGaN nanocavities on Si(111)
substrates. This approach allows the fabrication of bottom-
up freestanding nanodimensional optical devices without
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any additional postgrowth processing. The nanocavity ac-
tive region consists of GaN multiple quantum disks (MQD)
embedded in an AlGaN nanocolumn. The nanocavity was
achieved by cladding the active region with top and bottom
AIN/GaN distributed Bragg reflectors (DBR) with layer
thicknesses fit to a quarter-wave rule (n;d; = A/4), A being
the cavity mode wavelength. In spite of the fact that the
average nanocolumn diameter (20—60 nm) is comparable
to the nanocavity mode wavelength, so that lateral con-
finement effects should not be neglected, the cavity mode
was assumed, as a first approximation, to be a plane wave
and the active region thickness was set to A/2. Quantum
confinement effects were studied by low temperature
photoluminescence (PL) and cathodoluminescence (CL)
(Zeiss DSM 962 Mono-CL system). The nanocavity struc-
tural quality and geometry was assessed by transmission
electron microscopy (TEM).

AlGaN nanocolumns with a 28% Al mole fraction were
grown by plasma-assisted MBE under N-rich conditions on
Si(111) substrates [12]. Subsequently, a series of 5 GaN
MQD of different thicknesses, embedded in AlGaN nano-
columns, were grown by simple interruption of the Al flux
during the AlGaN growth.

PL spectra of the above-mentioned GaN/AlGaN MQD
samples, with 2, 3, and 4.25 nm thick GaN disks, together
with a spectrum of a single AlGaN nanocolumn with the
same Al content (reference sample, m1077), are shown in
Fig. 1. The emission from the GaN MQD blueshifts with
decreasing QD thickness and both the trend and the ener-
gies involved agree well with the calculated values that will
be published elsewhere. Thus, for a given Al content of the
AlGaN barrier layers, the emission energy can be tuned by
changing the GaN disk thickness.

In order to grow the full nanocavity structure, a stack of
3 nm thick GaN MQD (sample m1085) emitting at
3.591 eV (345.4 nm) was chosen for the active region.
The total heterostructure thickness, including the DBR,

© 2005 The American Physical Society



PRL 94, 146102 (2005)

PHYSICAL REVIEW LETTERS

week ending
15 APRIL 2005

T T T T T T T T ﬂl:25l6nn'1
m1085 8.5K

PL Intensity (a.u.)
&

1.0

o
o
T

0.0 L L L L L L
3.1 32 33 34 35 36 3.7 3.8 3.9 4.0 41 42
Energy (eV)

FIG. 1. PL spectra of nanocolumnar Aly,3Gaj7,N reference
sample and various nanocolumnar AlIGaN/GaN heterostructures
comprising 5 GaN MQD of different thicknesses.

was set to A/2 (172.7 nm). Given the rather small AlIGaN/
GaN refractive index contrast (An = 0.14 for 28% Al), a
high reflectivity DBR based on these materials needs either
a high number of bilayer periods or a high Al mole frac-
tion. Under these conditions a network of cracks develops
in compact planar DBR due to the lattice and thermal
mismatch induced tensile strain [13]. However, crack for-
mation is not expected to happen in AIGaN nanocolumns
that are strain-free due to the lattice and thermal relaxation
at the interface with the substrate [14], and the DBR built-
in strain is to be reduced through the free surface (high
surface to volume ratio). Top and bottom DBR, with
reflectivities of 50% and 90%, are obtained with 6 and
11 periods of AIN/GaN bilayers (32/40 nm). The sche-
matic diagram and the corresponding cross-section TEM
image of the nanocavity structure are shown in Fig. 2.

CL measurements in Fig. 3 show the nanocavity emis-
sion peak at 3.548 eV, in good agreement with the targeted
nanocavity wavelength, even when the lateral confinement
in the nanocavity active region is neglected.

The rather broad cavity emission (Fig. 3), as well as that
from uncoupled GaN MQD heterostructures (Fig. 1), is
mainly due to an inhomogeneous strain distribution within
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FIG. 2 (color online). Left: Scheme of the nanocavity structure
(the white colored disks within the DBR mean “and so on’’).
Right: Cross-sectional TEM image of the actual nanocavity
structure.

the GaN MQD. The accumulated elastic energy in pseu-
domorphically grown GaN disks on AlGaN nanocolumns
is gradually reduced towards the free surface along the disk
radius. The lateral layer bending, shown in Fig. 4(b), may
be due to this effect. The strain tensor equation, solved for
the corresponding boundary conditions (pseudomorphic,
4 nm thick, GaN MQD grown on strain-free AlGaN col-
umns with 20% Al content, laterally surrounded by air)
gives the in-plane compressive biaxial strain distribution
(Fig. 5).

The strain effect on the PL emission energy is twofold:
first, the strain induces bandgap changes, and, second, the
strain-dependent piezoelectric field modifies the QD po-
tential profile. These two effects depend on the QD thick-
ness in opposite ways, as it is deduced from the theoretical
estimation of the ground state (el-hh1) transition energies
derived from

Ef(x = 0) = EMin(GaN) + E — eFiminy, (1)

Eerf(x — }") — Erc?laxed(GaN) + Econf — e F{glaxedw (2)

for the center and the lateral free surface of a QD with
radius r, respectively. E{"(GaN) is calculated from the
bandgap energy dependence on the biaxial strain [15], and
E° represents the confined electron and hole states en-
ergy difference within the QD, which depends on 1/ w2, w
being the QD width. F, is the total electric field in the QD
and [eF,,w] accounts for the quantum confinement Stark
effect (QCSE) when a very high electric field is present
[16]. The relative weights of the terms E{"(GaN) and
[eFw]in Egs. (1) and (2) are quite different, depending
on the QD thickness, as it will be shown in detail
elsewhere.

The reduced strain at the QD free surface annihilates
partially the piezoelectric field, giving rise to a new carrier
confinement mechanism (strain confinement), that depends
on the QD thickness. This specific confinement mechanism
is the origin of the luminescence quenching in very thin
GaN QD, as well as the main source for the emission
linewidth broadening observed in spectra of Fig. 1.
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FIG. 3 (color online).
nanocavity.

Low temperature CL emission of the
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FIG. 4. High resolution TEM images of (a) the cavity area surrounded by the AIN/GaN DBR, and (b) the enhanced lateral growth

effect on the nanostructure diameter.

Indeed, the energy broadening of the PL emission, consid-
ering the two extreme cases of full strain (disk center) and
zero strain (disk free surface), is estimated to be 100 meV,
in agreement with the experimental value.

The structural characterization of the nanocavity, pro-
vided by TEM measurements, shows the nanocavity active
region with five GaN disks and the bottom 11-period DBR
(Fig. 2). The disorder observed in the DBR region of the
nanocavities is a result of lateral growth enhancement
during the growth of the AIN/GaN stacks (Fig. 4). This
lateral growth enhancement progressively increases the
nanocolumn diameter, giving rise to different bilayers’
thicknesses, so that the periodicity of the DBR is deterio-
rated, and eventually the nanocolumns lateral coalescence
occurs. As a result, there is a layer geometry dispersion
among different nanocavities (Fig. 2). The CL signal asym-
metry in Fig. 3 is not just due to the plane wave approxi-
mation, but rather is a result of the DBR stop band
asymmetry, caused by the geometry distortion.

The lateral growth enhancement is a consequence of
nonoptimized DBR growth conditions, during uninter-
rupted growth of the entire nanocavity structure. The
AlGaN is grown at the optimal growth temperature for
GaN nanocolumns, by replacing part of the Ga flux with
Al while keeping the total III element flux constant. The
lower thermal desorption rate of Al, as compared to that of
Ga, results in an increase of the effective III/V ratio at the
growth front, departing from the N-rich regime required.
The situation becomes even worse when growing AIN.
Namely, the growth “windows” (II[/V flux ratio and
growth temperature) for optimal GaN and AIN columnar
growth are extremely narrow and barely overlapping, so
that the optimization requires a careful selection of the
growth conditions. It needs further readjustment of the
III/V flux ratio or an increase of the growth temperature.

High growth temperatures, adequate for AIN, call for very
high Ga flux, to compensate for the strong desorption that
dramatically reduces the growth rate. In parallel, N flux
must be high enough to ensure the needed N-rich regime
for nanocolumn growth.

In summary, GaN/AlGaN nanocavities were success-
fully grown on Si(111) by MBE. The heterostructures have
an active region consisting of GaN MQD embedded in an
AlGaN nanocolumn and cladded by AIN/GaN DBR.
Quantum confinement effects that depend on both the
disk thickness and the inhomogeneous strain distribution
within the disks are clearly observed. In spite of the heter-
ostructures’ geometry distortion due to undesired lateral
growth enhancement, the nanocavity emission matches
well the targeted GaN MQD emission. The enhancement
of the lateral growth should be suppressed by optimization
of the growth conditions for nanocolumnar AIN. To our
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FIG. 5. In-plane strain distribution within a 4 nm thick GaN
disk pseudomorphically grown on a strain-free AIGaN nano-
column with 20% Al content.
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knowledge, this is the first report on self-assembled
GaN/AlGaN columnar nanocavities grown by MBE that
may open the way to a broad range of applications in new
optoelectronic devices. Moreover, these results may be
effectively transferred to other material systems, thus,
avoiding laborious technological processing, such as laser
ablation or reactive ion etching that induces crystalline
damage and surface states.
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