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Abstract
Multiple layers of GaN/AlN quantum dot (QD) ensembles were grown by the
Stranski–Krastanov method on Si(111) using molecular beam epitaxy. During the subsequent
cooling from growth temperature, the thermal expansion coefficient mismatch between the Si
substrate and GaN/AlN film containing the vertically stacked QDs leads to an additional
biaxial tensile stress of 20–30 kbar in the III-nitride film. We have selectively modified the
thermal stress in the QD layers by etching a cross-hatched pattern into the as-grown sample
using inductively coupled Cl2 /Ar plasma reactive ion etching. The results show that a suitable
choice of stripe width from ∼2 to 10 µm and orientation along [11−20] and [1−100] can
create regions of in-plane uniaxial stress that enable a selective and local control of the
polarized luminescence from ensembles of QDs which were probed with
cathodoluminescence. Experimental results indicate that the polarization anisotropy vanishes
at high temperatures (∼300 K) with an increasing e–h pair excitation for the QDs, while the
anisotropy decreases more slowly with excitation at low temperatures (∼46 K). A theoretical
modelling of the effect of carrier filling on the polarization anisotropy and the excitonic
transition energy was performed, as based on three-dimensional self-consistent solutions of the
Schrödinger and Poisson equations using the 6×6 k·p and effective-mass methods for
calculations of the e–h wavefunctions and electron and hole quasi-Fermi levels for varying
levels of state filling. We attribute carrier filling and a thermal excitation of holes into higher
energy QD hole states during e–h pair excitation to account for the observed gradual decrease
in the polarization anisotropy with an increasing e–h pair excitation density at T = 300 K.
(Some figures may appear in colour only in the online journal)

studies of strained GaN/AlN-based wurtzite self-assembled
quantum dots (QDs) [1–3]. Group III-nitride compounds
generally exhibit large polarization fields along the c-axis
[0001] direction, which originate from both piezoelectric
and spontaneous polarizations [4, 5]. As a result of the
large mismatch in thermal expansion coefficient between the
III-N film and Si, microcracks are formed along 11−20 in
GaN/AlN QD layers grown on Si(111). Such microcracks

1. Introduction
A potentially important objective in the field of epitaxially
grown quantum heterostructures and nanostructures is the postgrowth or post-synthesis modification of strain in order to tailor
the resulting optical and electronic properties. In particular,
energy efficient solid-state light emitting applications in the
visible wavelength range continue to supply the impetus for
0022-3727/11/505101+13$33.00
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Si(111) substrates could lead to applications in large area LCD
systems. Moreover, the integration of III-nitride QD films with
Si microelectronics offers a potential economic benefit [26].
In this paper, we further demonstrate a method to selectively
manipulate thermal stress in III-nitride films grown on Si and
to control the linear polarization of the excitonic luminescence
from nitride-based QDs. Such a post-growth control of strain
in epitaxially grown nanostructures using an ex situ patterning
of the QD film is shown to provide a potentially useful
method in the generation of polarized light emitters. Polarized
emission was obtained from the post-growth patterning of GaN
QD ensembles grown on Si(111) and the excitation dependence
of the polarized cathodoluminescence (CL) emitted from QDs
subject to an in-plane uniaxial stress was analysed. We present
results of our theoretical modelling of the effects of carrier
filling on the anisotropy of the polarized emission, as based
on three-dimensional (3D) self-consistent solutions of the
Schrödinger and Poisson equations using the 6×6 k·p method.

function as excellent stressors that can be exploited to create
an in-plane uniaxial stress of 20–30 kbar in limited regions
of the III-nitride film [6–10]. Most notably, the excitonic
luminescence from the GaN QDs is partially linearly polarized
in close proximity (i.e. within a few µm) of the microcracks, as
a result of the uniaxial stress [7–10]. In order to better control
the polarization of light emitted from particular regions of the
sample, the selective etching of a pattern so as to locally tailor
the stress has been demonstrated [11]. The effect of an in-plane
uniaxial stress on optical transitions in GaN/AlN QDs has also
been examined with multiband k · p calculations [9, 12, 13].
The control of strain in semiconductor materials and
devices has been achieved previously using a standard
mechanical four-point bending jig [14–18]. Previous studies
using a four-point bending apparatus have included, e.g.,
measurements of longitudinal piezoresistance coefficients in
Si nanowires [14], a determination of the adhesion strength
of the SiC/porous polyarylene ether for applications in
microelectronics [15], measurements of enhancements in
the hole and electron mobilities for uniaxially strained Si
MOSFETs [16, 17] and measurements of uniaxial stressinduced changes in the gate tunnelling currents for Ge/Si
MOSFETs [18]. Another mechanical approach used to create
an external uniaxial stress utilizes a piezoelectric lead zirconic
titanate (PZT) ceramic stack [19]. The stretching direction
of the PZT stack is aligned parallel to the uniaxial stress
direction of the sample. The approach involves tightly gluing
the sample on the PZT stack and applying a piezo voltage for a
variable deformation of the sample. The fine structure splitting
(FSS) of excitons in InGaAs/GaAs SAQDs was reduced from
23 to 16 µeV using this approach [20]. Using a similar
external PZT actuator approach to apply a variable uniaxial
stress, the FSS was altered by several tens of µeV and angle
of light polarization of excitons was rotated by up to ∼80◦
in InGaAs/GaAs and GaAs/AlGaAs QDs [21]. Similarly,
applying a variable biaxial stress using the PZT approach
enabled a tuning of the biexciton (XX) energy relative to the
neutral exciton (X) excition energy of InGaAs/GaAs selfassembled QDs [22]. In contrast, we show in this paper that
an external uniaxial stress of up to tens of kbar in QDs can
be achieved by etching a µm-scale cross-hatched pattern into
the as-grown sample in which a thermal stress gradient exists
between the Si substrate and the III-V QD epi-layers.
Currently, a major topic of interest is the use of highefficiency III-nitride-based light emitting diodes (LEDs) for
applications in backlit nematic-phase liquid-crystal displays
(LCDs). In particular, utilizing III-nitride based LEDs that
emit linearly polarized light in LCD systems could yield
a marked improvement in power efficiency for the display
system. This is achieved by reducing or eliminating the
need for polarization filters which typically dissipate ∼50%
of the generated light power when unpolarized backlit sources
are used. Polarized monochromatic light can be generated
by InGaN-based LEDs grown on the nonpolar m-plane
orientation [23, 24]. Optical intensity modulation of InGaN
LEDs fabricated on nonpolar crystallographic orientations by
an LCD system has been demonstrated [25]. Therefore,
the fabrication of III-nitride QD polarized LEDs on standard

2. Theory
The large polarization field of the GaN QDs originates
from the wurtzite crystal structure, and is on the order of
several MV cm−1 for typical GaN QD structures [3–6]. The
piezoelectric component of the polarization field is caused by
strain-induced changes in the bond length between group-III
atoms and nitrogen atoms. While this can occur in the zincblende structure only when shear strains are present, the
lower symmetry of the wurtzite crystals enables a piezoelectric
polarization in the presence of diagonal strain components.
Moreover, even in the absence of strain, wurtzite crystals are
expected to exhibit an intrinsic spontaneous polarization field,
since the four tetrahedral bonds surrounding an atom are not
equivalent.
The spontaneous polarization field can be modelled
by considering differences in ionicities (charge asymmetry
coefficients) of each bond by g|| and g⊥ , where  denotes
the direction of a bond along the [0001] c-axis. Each bond
creates a dipole parallel to the c-axis of the wurtzite crystal. By
summing all the dipoles for a unit cell with a volume of 0 and
bond length of u, we obtain an expression for the spontaneous
polarization as [27]




3
2ec
4g⊥
− u + (g⊥ + g )u .
(1)
PSPz ≈ −
0
8
In equation (1), the first term involving ∼( 38 − u) is related
to the non-ideality of the tetrahedron in the wurtzite structure.
The second term comes from difference of the ionicities of
the two in-equivalent bonds in the structure. The choice
of the spontaneous polarization constants, Psp , will have
an appreciable effect on the calculation of the resulting
electric field in the QD. Theoretical values of the spontaneous
polarization have been obtained using the Berry phase method
within two different density-functional theory exchangecorrelation schemes [28].
When strain is applied to the crystal, the local atomic
structure and chemical environment change due to a change
2
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in the bond length and direction, and gives rise to a change
in piezoelectric polarization. The piezoelectric polarization
is well approximated by a linear relation to the strain, and is
given by PiPZ = eij k εj k , where eij k is third order piezoelectric
tensor. Taking into account the C6υ symmetry of the wurtzite
lattice, the piezoelectric tensor is


0
0
0
0
exxz 0
↔
e = 0
0
0
0
0 eyyz
(2)
0
0
0
ezxx ezyy ezzz

so-called Rashba–Sheka–Pikus (RSP) Hamiltonian [33, 34].
The RSP Hamiltonian can be derived using k · p perturbation
theory and group theory arguments [34]. This effective-mass
Hamiltonian is usually written in a choice of basis functions
such that the z-axis coincides with the [0001] lattice growth
orientation (c-axis). The frequently used basis is given by
the inner product of |l, m|1/2, s, with l = 1, m = 0, ±1
and s = ±1/2. The basis states are expressed explicitly as
follows [34]:
1
|u1  = |uhh↑  = − √ |(X + iY ) ↑,
2
1
|u2  = |ulh↑  = √ |(X − iY ) ↑,
2

with exxz = eyyz and ezxx = ezyy [29]. The tensor
shows that hydrostatic strain creates the main contribution to
the piezoelectric polarization in contrast to the zinc-blende
structure, in which only a shear strain is capable of producing
a piezoelectric polarization [29].
The effects of polarization also affect the electronic
structure and band profile of heterostructures. Changes in
polarization create surface charges that result in built-in fields.
From classical electrostatics, the change in polarization across
an interface creates a surface charge density that is given by
σ = −(P2 − P1 ) · n̂21 . The bulk charge density caused by a
continuous variations in P (r) is given by ρ = −∇ ·P (r) where
Pi = PiSP + PiPZ , with i = 1, 2 (and which includes the sum
of spontaneous and piezoelectric polarizations). This charge
density creates an electric field whose potential is obtained by
solving the Poisson equation
∇ · (εst (r)∇Vp ) = −

ρ
,
ε0

|u3  = |ush↑  = |Z ↑,

|u6  = |ush↓  = |Z ↓,
where the sub-indices hh, lh and sh denote heavy, light
and split-off holes, respectively. In this basis the strained
RSP Hamiltonian is nearly block diagonal.
The full
RSP Hamiltonian for [0001]-oriented wurtzite crystal in the
presence of strain takes the form [34]

(3)

H6×6 (k, ε)

F
−K

−H
=
 0

 0
0

where εst is the static dielectric constant of the QD and barrier
materials. The potential energy enters as an additional part to
the k · p Hamiltonian.
The elastic energy of the QD is given by the following
functional [30]:
Felastic =

1
2

d3 rCnk εn (r)εk (r).

(5)

1
|u4  = |uhh↓  = √ |(X − iY ) ↓,
2
1
|u5  = |ulh↓  = − √ |(X + iY ) ↓,
2

(4)

−K ∗
G
H∗
0
√0
23

−H ∗
H
λ
√0
23
0

0
0
0
F
−K ∗
H∗

0
√0
23
−K
G
−H


√0
23 

0 
,
H 

−H ∗ 
λ
(6)

V

where

By expressing the strain tensor as the symmetric part of the
displacement field and minimizing the elastic strain energy
functional with respect to the displacement field, one obtains
the equilibrium strain tensor [30]. This method has the
advantage of being simple in terms of computation and that
it uses known material parameters, the elastic compliance
constants, unlike the valence force field (VFF) methods which
can have two empirical parameters that are related to Cij kl by
a complex optimization process [31]. The disadvantage of
the method is that it represents a continuum method, and it
does not incorporate the actual atomistic crystal symmetry as
it incorporates the symmetry of the lattice which is generally
higher [32].
The band structure near the direct band edges at k = 0
has the largest influence on most of the electronic and optical
properties. Since the mixing of conduction and valence bands
near the direct band edges is negligible, due to large energy
separation, the exact 8×8 k·p Hamiltonian obtained from the
Kane model for wurtzite semiconductors can be simplified to
a 6×6 k·p Hamiltonian for the valence-band structure, i.e. the

F = 1 + 2 + λ + θ,
G = 1 − 2 + λ + θ,
λ=

h̄2
[A1 kz2 + A2 (kx2 + ky2 )] + λε ,
2m0

θ=

h̄2
[A3 kz2 + A4 (kx2 + ky2 )] + θε ,
2m0

K=
H =

h̄2
A5 (kx + iky )2 + D5 ε+ ,
2m0
h̄2
A6 (kx + iky )kx + D6 εz+ ,
2m0

λε = D1 εzz + D2 (εxx + εyy ),
θε = D3 εzz + D4 (εxx + εyy ),
ε+ = εxx − εyy + 2iεxy ,
εz+ = εxz + iεyz ,
3

(7)
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and where ki is the wavevector; εij , the strain tensor; 1 is
the crystal field split energy and 2 and 3 characterize the
energy shifts of the valence band structure induced by the spin–
orbit interactions, 1 = cr , 2 = 3 = (1/3)so . The
Ai ’s are the valence-band effective-mass parameters, which are
similar to the Luttinger parameters in a zinc-blende crystal and
the Di ’s are the Bir–Pikus deformation potentials for wurtzite
crystals, which are similar to the hydrostatic a and uniaxial b
deformation potentials in zinc-blend materials [34]. The order
of the basis in the RSP Hamiltonian is as indicated by the
sequential list of Bloch states in equation (5).
The application of the k · p method to quantum heterostructures is done using the envelope function approximation (EFA). To the Hamiltonian described above, appropriate confinement potentials related to the conduction and valence band offsets are added. For quantum heterostructures
and nanostructures exhibiting carrier confinement, the potential barrier arises from the differences in the conduction and
valence band edges between the different semiconductors of
the heterostructures. The form of the periodic Bloch function
at the point is independent of the III-Nitride material, and
so the only difference in the electron/hole wavefunction comes
from the potential barrier. Therefore, the coefficient of each
Bloch basis function at the -point is position dependent. The
Bloch basis coefficients change on a length scale that is on
the order of the changes in the conduction and valence-band
edge potential barriers and the carrier confinement length. This
length scale is much larger than the change in basis function of
the unit cell, and therefore the coefficients represent envelope
functions Fi (r) of the -point basis functions. The wavefunction for either electrons in the conduction bands or holes in
the valence bands has the form ψ(r) =
i Fi (r)ui,k=0 . In
each dimension where there is a confinement potential barrier, the transformation ki → i(∂/∂xi ) in the Hamiltonian is
performed.
We employed the material parameters used previously
for calculations of the polarization field and eigenstates in
GaN/AlN QDs [35–37], The fully strained GaN/AlN QDs were
simulated by minimization of the elastic energy of equation (4)
within a continuum model approach that takes into account the
symmetry of the hexagonal crystal structure. The truncated
hexagonal pyramid used for the simulation of the GaN QD
region has dimensions of B = 6.35 nm, T = 3.46 nm and
h = 3.7 nm for the length of a side of the lower base hexagon,
length of a side of the top hexagon and height of the pyramid,
respectively. This GaN QD geometry was obtained by varying
the pyramidal size/shape in order to match the calculated e–h
transition energies, Ex , to the experimental values determined
from the CL spectra in a previous study [6, 7]. We employed a
simulated region size of 19 × 19 × 22 nm3 containing a single
pyramidal QD with a typical discretized grid of 56 × 68 × 80
nodes for calculations of the strain minimization, and the RSP
Hamiltonian. External tensile stresses ranging from purely
biaxial to uniaxial were used to simulate the thermal stress in
the patterned regions.
In order to model the excitation dependence of the
polarization anisotropy ratio, Rp = I⊥ /I , and Ex
in the GaN/AlN QDs, we have performed the threedimensional 6×6 k·p calculations using the nextnano3

quantum nanostructure simulation code that utilizes the RSP
Hamiltonian [9, 38]. We have extended the multiband k · p
and single band effective-mass treatment for the occupation
of many electron and hole states using Fermi–Dirac statistics.
Self-consistent calculations of the Schrödinger and Poisson
equations using the 6×6 k·p and effective-mass methods
for the calculation of the e–h wavefunctions in the Hartree
approximation were performed. The Hartree potential, VH (r),
was calculated from the total charge density associated with
the occupation of the electron and hole ground and excited
energy states in a manner consistent with a determination of
the electron and hole quasi-Fermi levels, ϕe and ϕh . The
Hartree potential and the potential due to both piezoelectric
and spontaneous charge polarizations, Vp (r), were added to
the 6×6 k·p RSP Hamiltonian in an iterative manner until
convergence of the eigenstate energies was obtained. The
primary multi-carrier correction to the energy levels results
from the carrier-induced screening of the electric field in
the QD which is caused by piezoelectric and spontaneous
polarization, as discussed above. The model used for the
calculation of the polarization dependent momentum matrix
elements is presented below and is summarized by the flow
chart in figure 1.
We calculate the electron and hole wavefunctions and
energy levels while taking into account the modifications of
the potential profile caused by the accumulation of carriers
in the QDs. The flow chart of figure 1 describes the order of
our self-consistent approach for solving the nonlinear Poisson–
Schrödinger equation3 . The calculations for the wurtzite GaN
QD system include the effects of strain, changes in strain
caused by thermal stress, deformation potentials, band offsets
and piezoelectric and spontaneous polarization fields to obtain
the excitation-dependent eigenstates, electron and hole quasiFermi levels (ϕe and ϕh ) and carrier occupation distributions
among the QD electron and hole energy levels. Eigenstates of
the 6×6 k·p and effective-mass Hamiltonians were obtained
self-consistently in the following order. First, trial solutions
of the e–h wavefunctions, ψie and ψjh and energies, Eie and
Ejh , for a given e–h occupation number n were obtained
in the usual manner by first obtaining solutions without the
Hartree correction potential, VH (r). Following the usual
k · p formalism, the electron and hole wavefunctions are
3 The self-consistent calculations described in part by the flow chart of figure 1
and equations (9)–(11) are not part of the nextnano3 code but are performed
in an external routine that was written in Matlab. Briefly, our Matlab program
starts with a non-self-consistent calculation using nextnano3 . The energy
output is used to calculate the quasi-Fermi levels by applying a combination of
golden search and bisection methods. The quasi-Fermi levels set the e/h level
occupation n which is used along with the wavefunctions to calculate the
e/h charge density. The charge density is used within the Matlab program to
calculate the Hartree potential using a 3D Poisson solver. The Poisson solver
uses a Bi-Conjugate Gradient Stabilized method for the solution. It takes into
account changes in static dielectric constants. Abrupt changes in dielectric
constants are smoothed over 2–3 grid points to attain a smoothed potential.
This calculated Hartree potential is then added to the previously calculated
potential due to charges from piezoelectric and spontaneous polarizations and
fed into nextnano3 as input for the total potential due to all excess charges.
Once nextnano3 completes its k·p calculation, the resulting eigenstates are
used as input in the Matlab program to check for convergence.

4
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Figure 1. Flow chart illustrating steps in the model calculation of the excitation-dependent eigenstates and e/h quasi-Fermi levels, ϕe and ϕh ,
for the wurtzite GaN/AlN QD structure, as described in greater detail in [9]. The model involves self-consistent solutions of the nonlinear
Poisson–Schrödinger equation using the single band effective mass and the 6×6 k·p methods for the electron and hole eigenstates,
respectively.

individually by nei = f (Eie − ϕe ) and nhj = f (ϕh − Ejh ),
respectively. Electron and hole spin degeneracy was also
taken into account in the calculations by assigning separate
state numbers, i and j , to each set of degenerate time-reversal
conjugate states. The next step is the calculation of the excess
carrier charge density for the electrons and holes which depend
on the quasi-Fermi levels and temperature according to

expressed as
2

6
∗
Fei,k
(r)|k

|ψie  =

∗
Fhj,l
(r)|l,

|ψjh  =

and

k=1

l=1

(8)
in which the Bloch part of the electron wave function, |ψie ,
is represented by two basis s-like states |S ↑ and |S ↓ and
denoted by |k. The Bloch parts of the hole wavefunctions,
|ψjh , are represented by the six basis p-like functions, |l,
in the following representation: |x ↑, |y ↑, |z ↑, |x ↓,
|y ↓ and |z ↓, where coordinates x, y and z refer to the
[1−100], [11−20] and [0001] crystallographic directions. For
the hole state j , Fhj,l (r) are the six hole envelope functions
that are obtained from the 3D 6×6 k·p method and Fei,k (r)
are the two electron envelope functions for the electron state
i obtained from the 3D single effective-mass calculation. The
next step is the calculation of the electron and hole quasi-Fermi
levels, ϕe and ϕh , for a given steady-state e–h pair occupation
number, n. From the discrete delta-function nature of the
zero-dimensional QD density of states and by invoking charge
neutrality requirements during e–h excitation at a temperature
T , ϕe and ϕh are obtained from solutions to
N

i=1

f (ϕh − Ejh ),

f (Ei(e) − ϕe )|ψie (r)|2 ,
i=1
N

f (ϕh − Ej(h) )|ψjh (r)|2 .

ρh (r) = e

(10)

j =1

The Hartree contribution to the potential, VH (r), is then readily
calculated from Poisson’s equation as follows:
∇ · (εr (r)∇VH (r)) = −

1
[ρe (r) + ρh (r)].
ε0

(11)

The Hartree contribution is then added to the potential for
charge polarization and the GaN/AlN band edge profiles,
thereby enabling a series of iterative cycles involving the
calculation of ψie , ψjh , Eie , Ejh , ϕe and ϕh for a given
temperature, T , and steady-state e–h occupation number, n.
We have set the convergence conditions such that successive
iterations must differ by less than 0.5 meV in the electron and
hole energies.
The integrated intensity of polarized luminescence is
determined by the carrier occupation in the QD and the

N

f (Eie − ϕe ) =

n =

N

ρe (r) = −e

(9)

j =1

where f (E) is the Fermi–Dirac function for electrons and
holes, N is the largest state number that was used in the
calculations and electron and hole state occupancy is given
5
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electron–hole wavefunction overlap according to
(i,j )

I⊥, =

nei nhj |M⊥,|| (nei , nhj )|2 ,
i,j

where
2

6
∗
d3 rFei,k
(r)Fhj,l (r)k|ê⊥,

(i,j )

M⊥, (nei , nhj ) =
k=1 l=1

h̄
(12)
· ∇|l.
i
The unit electric field polarization vectors, ê⊥,|| , represent
polarizations that are perpendicular or parallel to the [11−20]
patterned stripe direction, which we have defined as the
y-axis direction in our coordinate system. The polarization
anisotropy ratio, Rp , is then calculated from equation (12) as
I⊥
Rp =
=
I||

(i,j )

i,j

nei nhj |M⊥ (nei , nhj )|2

i,j

nei nhj |M

(i,j )

(nei , nhj )|2

.

(13)

It is apparent from equations (8) and (12) that the relative
weights of the px and py orbitals (i.e. |x and |y), as
determined by the relative values of the six hole envelope
functions, Fhj,l (r), will have an appreciable effect on the
polarization anisotropy ratio Rp .
We have calculated self-consistently the spectrum of
electron and hole states using our self-consistent 6×6 k·p
method. The energies of the electron and hole states, Eie and
Ejh , are shown as a function of the average occupation number
n in figure 2 for S85 subject to a uniaxial stress of 30 kbar.
As expected, the spectrum of hole states shift downwards in
energy an average rate of ∼15 meV per addition of an e–h pair
due to the partial screening of the electric field in the QD. A
similar upward shift of ∼8 meV per e–h pair for electron levels
also occurs, resulting in a net shift of the transition energy
Ex that is ∼23 meV per e–h pair, which is similar to changes
observed in previous CL measurements [39]. These energy
shifts are obtained by averaging over the values obtained for n
ranging from 0.5 to 4. We note that differences in the average
energy shift between the electron and hole states are due to
differences in confinement and localization for both particles.
We also note that the single band effective-mass nature of the
Schrödinger equation for the electrons and an approximately
in-plane radially symmetric potential leads to well-defined
s-, p- and d-orbital symmetries and near-degeneracies, which
are denoted by the groups of state numbers {i} that are {1, 2},
{3 − 6} and {7 − 12}, as observed in figure 2(a) [9, 40, 41].

Figure 2. The calculated electron (a) and hole (b) energy levels
versus state occupancy n for the structure of S85 for the first eight
hole energy levels for T = 300 K. The calculations were performed
for the case of uniaxial stress with σyy = 30 kbar. The collective
upward and downward shifts in energy for the electron and hole
states, respectively, are due to the screening of the QD electric field
caused by filling of the electron and hole states through the state
occupancy n. The calculations were performed self-consistently,
and carriers were arranged among the states according to
Fermi–Dirac statistics.

∼5 × 1011 cm−2 [6, 9]. SiO2 and photo-resist mask patterns
were formed on the sample, through which the GaN/AlN QD
layers were selectively etched until the underlying Si substrate
was exposed. Inductively coupled Cl2 /Ar plasma reactive ion
etching (RIE) was used to etch into the as-grown sample a
cross-hatched pattern consisting of square trenches of area
20 × 20 µm2 having stripes of varying widths with edges
along the orthogonal in-plane [11−20] and [1−100] directions.
The spacing between the edges of the square trenches was
intentionally varied to create vertical and horizontal stripes
having widths ranging from ∼2 to 10 µm. The widths of
adjacent parallel stripes decrease by ∼1 µm in both left-toright and top-to-bottom sequences of the cross-hatched pattern,
as observed in figure 3.
Our CL detection system is mounted on a JEOL 5910
scanning electron microscope (SEM) [42]. Two polarization
directions for the polarizer will be denoted with the subscripts
⊥ and  to indicate detection orientations with E perpendicular
and parallel to a stripe along [11−20]. The polarization
anisotropy ratio, Rp , is defined by the ratio of the integrated CL
intensities, I, under the two orthogonal polarizer orientations
and is given by Rp = I⊥ /I . CL spectra and images were
acquired with an e-beam energy (Eb ) of 15 keV and beam

3. Experiment
The GaN/AlN QD sample was grown by molecular beam
epitaxy (MBE) using the Stranski–Krastanov growth mode
transition. The sample was grown on Si(111) and consists
of AlN (30 nm)/GaN (400 nm)/AlN (700 nm) buffer layers
followed by 85 layers of GaN QDs, and designated as sample
S85. The growth involved 6.7 nm thick AlN barrier layers
with 1.6 nm thick GaN QD layers, resulting in an average dot
height of ∼3.7 nm and average dot density per QD plane of
6
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Figure 3. SEM micrographs in (a) and (b) showing the cross-hatched pattern with square trenches etched into the GaN/AlN QD sample.
The widths of adjacent parallel stripes decrease by ∼1 µm in both left-to-right and top-to-bottom sequences of the cross-hatched pattern.
The region labeled with the dashed rectangle A in (a) is shown with higher magnification in (b). Monochromatic CL images (Ex = 3.00 eV)
were acquired with polarization detection orientations of E ⊥ [11−20] and E  [11−20] (perpendicular and parallel to a vertical stripe), as
shown in (c) and (d) for T = 46 K. CL polarization anisotropy ratio images, Rp = I⊥ (x, y)/I (x, y), are shown in (e) and (f ) for sample
temperatures of 300 and 46 K. The CL images were acquired with Eb = 15 keV and Ib = 300 pA.

currents (Ib ) that varied between 50 pA and 30 nA. The spectral
resolution of the monochromator was 2 nm (∼15 meV) at
λ = 400 nm (3.100 eV).

which indicates an approximate distance from the beginning
of the dashed horizontal (vertical) line in figure 3(b). The
polarization anisotropy is evident in figure 4(a) by the ratios,
Rp , which vary from 1.37 to 1.84 for each set of CL spectra
acquired along the vertical stripe (i.e. increments along the x
direction). A complementary result in figure 4(b) is observed
for CL spectra acquired for local excitation on the horizontal
stripe with increments along the y direction. Rp is observed
to range from 0.56 to 0.70 on the horizontal stripe, exhibiting
an expected reversal in polarization anisotropy in comparison
with Rp for the vertical stripe.
Spatial variations in the polarization anisotropy ratio,
Rp , were further examined by acquiring monochromatic CL
images at hν = 3.00 eV under E ⊥ [11−20] and E 
[11−20] detection orientations, as shown in figures 3(c) and
(d), respectively, at T = 46 K. Spatial variations in CL
emission can be observed, as the intensity is modulated with
the appearance of bright and dark bands parallel to the edges
of certain stripes in the monochromatic images. Since these
bands appear to correlate with undulations in the surface
texture observed in the same corresponding regions of the SEM
image of figure 3(a), we attribute their presence as due to an
inhomogeneity during mask formation and subsequent RIE,

4. Results and discussion
We performed CL imaging, local CL spectroscopy and
excitation-dependent CL on the GaN/AlN QD cross-hatched
pattern. SEM and CL polarization anisotropy ratio images are
presented in figures 3(a)–(f ). In the SEM image of figure 3(a),
a magnified portion of the dashed rectangle (labeled A) is
shown in figure 3(b). Local CL spectroscopy was performed
by fixing the focused e-beam at a designated point, as first
determined by the SEM imaging and then acquiring a CL
spectrum. The horizontal and vertical dashed lines that connect
adjacent square trenches in figure 3(b) show approximate
paths on which the e-beam was positioned for the local CL
spectroscopy measurements. Local polarized CL spectra at
T = 46 K, acquired under E ⊥ [11−20] and E  [11−20]
detection orientations, are shown in figure 4 for various ebeam positions represented by the dashed lines. Adjacent to
each local CL spectrum of figure 4 is the distance x (y)
7
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Figure 4. Stack plots of CL spectra acquired with polarization
detection orientations of E ⊥ [11−20] and E  [11−20] for the
e-beam focused at various positions, x and y, along the vertical
and horizontal stripes shown in figure 3(b). The polarization
anisotropy ratio, Rp = I⊥ /I , is shown for each set of CL spectra
acquired at the indicated x and y in (a) and (b), respectively.
The CL spectra were acquired with Eb = 15 keV and Ib = 300 pA
with the sample maintained at T = 46 K.

Figure 5. Stack plots of CL spectra of sample S85 acquired with
polarization detection orientations of E ⊥ [11−20] and E  [11−20]
for e-beam currents, Ib , ranging from 50 pA to 27 nA. These
excitations conditions yielded carrier occupation numbers, n,
ranging from 0.07 to 4.1 as indicated next to each spectrum. The CL
spectra were acquired with the e-beam focused in regions of pure
uniaxial tensile stress which was located near the centre of the
vertical stripe (x ≈ 2.5 µm) in figure 3(b). CL spectra are shown
for T = 300 K and T = 46 K. The polarization anisotropy ratio,
Rp = I⊥ /I , is indicated for each set of CL spectra.

leading to a partial etching of some regions under the patterned
mask. The images of figures 3(e) and (f ) were obtained
with the sample maintained at temperatures of 300 K and
46 K, respectively, and show ratios Rp = I⊥ (x, y)/I (x, y)
for each 640 × 480 pixel image. The false color mapping
of Rp shows variations in Rp between adjacent vertical and
horizontal stripes for the two sample temperatures. The widths
of adjacent parallel stripes decrease by ∼1 µm in both left-toright and top-to-bottom sequences of the cross-hatched pattern.
A clear reversal in the polarization anisotropy is observed near
the centres of horizontal and vertical stripes, consistent with
a similar reversal observed in the polarized CL spectra of
figure 4. Furthermore, the largest values of Rp (Rp ≈ 2) are
observed for the narrowest vertical [11−20] stripes with widths
approaching ∼4 µm towards the right in figure 3(d), due to a
more complete stress relief (i.e. σxx ≈ 0 and σyy ≈ 30 kbar)
along the orthogonal [1−100] direction of the stripe near its
centre. Moreover, an increase in Rp is observed near the centres
of the stripes as the temperature is reduced from 300 to 46 K
and is attributed to two possible origins. First, an increase in
uniaxial tensile stress at low temperatures is expected to occur
due to the further contraction of the GaN/AlN film relative to
the Si substrate and leads to an increase in Rp near the centres
of the stripes. Second, a reduced thermal excitation into higher
lying hole states occurs at low temperatures and contributes to

a larger Rp at low temperatures. This second effect is examined
in detail below in the context of excitation-dependent polarized
CL measurements for Rp . A similar temperature dependence
of Rp was observed in close proximity to microcracks in sample
S85 and was again attributed to an increase in uniaxial stress
during sample cooling and a reduced thermal excitation into
higher lying hole states at low temperatures [7, 8]. In most
cases, the intersections of horizontal and vertical stripes yield
an Rp ≈ 1 which is consistent with the presence of biaxial
stress (i.e. σxx ≈ σyy ). Some exceptions can be found,
particularly at T = 46 K, owing to a possible anisotropic
contraction of the QD layers in the cross-hatched pattern during
cooling.
We have measured Rp and the shift in the QD excitonic
transition energy, Ex , as a function of the e-beam excitation
density for temperatures of 46 and 300 K. The e-beam was
focused on a position near the centre of a stripe and the e-beam
current, Ib , was varied during the Rp and Ex measurements,
the results of which are shown in figures 5 and 6(a). We
express the carrier population in the QDs using the average e–h
carrier occupation number, n, which we determined using
an e-beam energy dissipation method with time-resolved CL
8
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a minimal thermal excitation of holes results in an Rp that
is roughly independent of excitation until the first electron
and hole levels are doubly occupied. Upon increasing the
excitation (Ib >∼ 12 nA and n ∼
= 2), a sudden decrease in
Rp is observed at low temperatures where a step is observed (as
indicated with the downward arrows) for both the experiment
and calculations in figures 3(a) and (b), consistent with the
participation of excited hole states whose relative px -orbital
character of the Bloch states is expected to change, thereby also
changing the weight of the transitions which exhibit light that
is linearly polarized perpendicular to the direction of uniaxial
stress [9]. The main aspect of these results is that the trend
in Rp as a function of e–h excitation n is consistent and
agrees with the theory. Quantitative differences between the
experimental and calculated Rp are possibly due to (i) the
k · p theory’s deficiency in calculating the precise |x and |y
p-orbital character admixtures as a function of uniaxial stress
and e/h excitation density, (ii) deviations between the predicted
and actual magnitude of the uniaxial stress in QD stripe regions,
(iii) an incomplete stress relief resulting in a partial biaxial
stress character in QD stripe regions, (iv) deviations between
the actual and predicted shape and aspect ratios of the QDs and
(v) uncertainties in the actual electric field along the [0001]
axis of the QD caused by a coupling of the polarization field
between QD layers [43].
The polarization dependence of the momentum matrix
elements can be better understood by examining strain-induced
changes in the hole wavefunctions that are obtained from the
k · p calculations. Isosurfaces of the ground-state hole and
electron wavefunctions of the QD for n = 0 for the S85
structure subject to various stresses ranging from pure uniaxial
tensile stress (i.e. σxx = 0 and σyy = 30 kbar) to pure biaxial
tensile stress (i.e. σxx = σyy = 30 kbar) are presented in
figure 7. The isosurfaces represent |ψh (r)|2 = 0.1|ψmax |2
and |ψe (r)|2 = 0.01|ψmax |2 where |ψmax |2 is the maximum
probability density of the hole or electron state. The x-,
y- and z-axis directions refer to the [1−100], [11−20] and
[0001] crystallographic directions in our coordinate system.
In the sequence of isosurfaces, σyy is maintained at 30 kbar
while the σxx component is increased from 0 to 30 kbar in
increments of 5.0 kbar. The envelope functions Fh,i (r) will
vary with strain, thereby altering the relative weights of the
Bloch components, |x, |y and |z, that comprise the groundstate hole wavefunction. A gradual change in the shape and
direction of elongation of the hole isosurface is observed in
figure 7 in transitioning from pure uniaxial stress to biaxial
stress, as a result of changes in the admixture of the |x and
|y components over this transition region. The result is an
elongation of the isosurface along a direction that is oriented
∼45◦ with respect to the y or [11−20] direction for the case of
biaxial stress, in which Rp ≈ 1.
Moreover, it is possible to observe the stress dependent
character of the ground and excited state hole wavefunctions
by projecting the Bloch states with like spin, |x and |y,
onto the hole wavefunction and calculating fWFi = |i|ψh |2
where i = x or y as shown in figure 8 for n = 0. In this
particular calculation for uniaxial stress, σxx was fixed as 0
while σyy varied from 0 to 100 kbar in (a) while the converse

Figure 6. The experimental and theoretical polarization anisotropy
ratio, Rp = I⊥ /I , and shift in exciton energy position, Ex , versus
n for temperatures of 46 and 300 K in (a) and (b). The polarized
CL data were acquired near the centre of a vertical stripe.
Calculations were performed self-consistently for a uniaxial stress
of 30 kbar. The downward arrows indicate the locations of steps that
occurred in Rp upon an increasing excitation at low temperatures for
both the experimental data and calculations. The Rp axis scale for
the calculations in (b) is a factor of 3.2 larger than that for the
experimental results in (a).

for measuring the excitation-dependent carrier lifetimes [9]4 .
It is apparent that Rp decreases more rapidly and gradually
as a function of n for T = 300 K than for T = 46 K.
Moreover, the dependence of Rp versus n shows a rapid drop
or step (downward arrows) in the decrease in Rp at n ≈ 2 for
T = 46 K in figure 6(a) consistent with the expected filling of
the ground-state electron and hole levels. This step is notably
absent in the Rp versus n results at T = 300 K, where Rp is
observed to decrease more gradually over the same range of
carrier occupation numbers, n.
The calculated Rp and Ex from the model are shown
in figure 6(b). The results agree qualitatively with the
experimental polarized CL results for Rp and Ex versus
n in figure 3(a). For low temperatures, it is apparent that
4 The
average carrier density is represented by n
=
(Ib Eb τ LD )/(3eEg Vex AD ), where LD is the spacing between the QD
layers, AD is the areal density of the QDs and Vex is the excitation volume
of the Eb = 15 keV electron beam. We have used Vex = 2.1 µm3 for the
present GaN/AlN material system. The excitation-dependent lifetimes, τ ,
were previously obtained in [9] for the present S85 sample.
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Figure 7. Isosurfaces of the ground-state hole and electron
wavefunctions of the QD for n = 0 for the S85 structure subject to
various stresses ranging from pure uniaxial tensile stress (i.e.
σxx = 0 and σyy = 30 kbar) to pure biaxial tensile stress (i.e.
σxx = σyy = 30 kbar). The isosurfaces represent
|ψh (r)|2 = 0.1|ψmax |2 and |ψe (r)|2 = 0.01|ψmax |2 where |ψmax |2 is
the maximum probability density of the hole or electron state. The
x-, y- and z-axis directions refer to the [1−100], [11−20] and [0001]
crystallographic directions in our coordinate system. In the
sequence of isosurfaces, σyy is maintained at 30 kbar while the σxx
component is increased from 0 to 30 kbar in increments of 5.0 kbar.

Figure 8. The relative px and py orbital characters of the Bloch
states, fWFi = |i|ψh |2 where i = x or y, shown as a function of
uniaxial stress. For the uniaxial stress, σxx was fixed as 0 while σyy
varied from 0 to 100 kbar in (a). In (b), σyy was fixed as 0 while σxx
varied from 0 to 100 kbar, thereby allowing both panels to be plotted
with the same abscissa of stress. Also, the degree of polarization,
λp , versus stress is shown for both the cases in panels (a) and (b).

(i.e. σyy was fixed as 0 while σxx varied from 0 to 100 kbar)
is shown in (b). A rapid change in fx and fy is observed as
the uniaxial tensile stress is increased from 0 to 30 kbar, over
which fx ≈ fy ≈ 0.47 changes to fx ≈ 0.91 and fy ≈ 0.04
for the case in (a). For the range 30–100 kbar, the weights
change much more slowly and approach asymptotic values of
fx ≈ 0.94 and fy ≈ 0.01 for the case in (a). Also, the degree
of polarization, λp , versus stress is shown in the same graph of
figure 8, and is defined as
λp =

Rp − 1
I⊥ − I
=
.
I⊥ + I 
Rp + 1

(14)

The degree of polarization is calculated as λp ≈ 0.64 (Rp ≈
4.5) for σyy = 30 kbar and approaches a value of λp ≈ 0.87
(Rp ≈ 14.3) for a uniaxial stress of 100 kbar. Thus, for σxx = 0
and σyy = 100 kbar (i.e. a uniaxial stress along [11−20]), the
ground state excitonic emission is nearly completely linearly
polarized in the x-direction (i.e. the crystallographic [1−100]
direction). Thus the maximum obtainable λp is always limited
by the finite admixture of |x or |y, depending on the direction
and magnitude of the uniaxial stress. We note that λp , fx and fy
are nearly symmetric for the two orthogonal cases of uniaxial
stress in (a) and (b), given the present hexagonal QD size/shape
geometry.
As previously mentioned, thermal excitation to higher
lying hole states is primarily responsible for the excitation

Figure 9. The relative py orbital character of the Bloch states,
fyj = |y|ψhj |2 , is shown as a function of average state e–h
occupancy n. The calculations were performed self-consistently
for the first eight hole energy levels (i.e. j = 1 to 8). The
calculations were performed for the case of pure uniaxial stress. As
expected, fyj generally increases as the state number j increases
and yet depends on n.

dependence of Rp (λp ) owing to relatively small energy
separation between ground and excited hole states, as observed
in figure 2. As observed in the polarization dependent
momentum matrix elements of equations (12) and (13), as
10
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Figure 10. The calculated electron level distribution in the QD for temperatures of 46 and 300 K for the four excitation conditions of
n = 1 to 4. The average occupancy of each electron energy level is shown for both temperatures.

temperature dependence of the hole distribution and excitation
into higher hole levels as the temperature is raised from 46
to 300 K. Thus the thermal re-distribution of holes into higher
lying hole levels at T = 300 K (as shown in figure 11) together
with the increase in the |y character weights fy of these levels
(i.e. as shown in figure 9) leads to the expected decrease in Rp as
a function of excitation and temperature, as observed for both
the experimental and theoretical results of figures 6(a) and (b).
Moreover, the thermal occupation and smearing of the hole
level occupancy distribution at high temperatures broadens the
step in Rp versus n that is evident at T = 46 K, leading to
the appearance of a gradual decrease in Rp versus n that is
observed in both the experimental and theoretical results for
T = 300 K, as shown in figure 6. Consequently, our selfconsistent multiband k · p calculations account well for the
main features of the excitation dependence of the polarization
anisotropy.

well as in the results of figure 8, the weights of fx and fy
for ground and excited hole states participating in the optical
transitions will markedly affect the value of Rp for a given
level of excitation n. Thus, it is illuminating here to present
a calculation of fy as a function of the hole state energy level
and n, as shown in figure 9. The calculation was performed
for a uniaxial stress σyy = 30 kbar at T = 300 K. As observed
in figure 9, fy increases markedly for excited state hole levels
in comparison with the ground state value of fy ≈ 0.04 for
n = 0. Thus, the increases in fy for excited hole states
means that an increasing hole state filling and concomitant
thermal excitation of holes will give rise to an ever increasing
weight of the luminescence which is partially polarized along
the y-direction.
In order to examine the temperature dependence of the
electron and hole occupancy as a function of the steady-state
carrier occupation, n, plots of the electron and hole level
distributions are shown in figures 10 and 11 for temperatures
of 46 and 300 K. The results are obtained from the selfconsistent k · p calculations in which Fermi–Dirac statistics
were employed to determine electron and hole quasi-Fermi
levels, ϕe and ϕh . As a result of a relatively large energy
separation of 95 meV between the ground state electron level
and the nearly doubly degenerate first excited electron states,
the changes in the electron level distribution are small between
the cases of low and high temperatures, for n = 1 to 4,
as shown. In contrast, the smaller energy spacings between
hole levels (i.e. from ∼5 to 20 meV) leads to a more dramatic

5. Conclusion
In this work, we have selectively modified the thermal stress
in GaN/AlN QD layers grown on Si(111) by etching a crosshatched pattern into the as-grown sample using inductively
coupled Cl2 /Ar plasma reactive ion etching. The results show
that a suitable choice of stripe width from ∼2 to 10 µm
and orientation can create regions of in-plane uniaxial stress
that enable a selective and local control of the polarized
luminescence from ensembles of QDs. With an e-beam
11
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Figure 11. The calculated hole level distribution in the QD for temperatures of 46 and 300 K for the four excitation conditions of n = 1 to
4. The average occupancy of each hole energy level is shown for both temperatures.

excitation near the centre of a stripe under a uniaxial tensile
stress of ∼30 kbar, the CL polarization anisotropy ratio Rp
vanishes at high temperatures with an increasing excitation
of the QDs, while the anisotropy decreases more slowly with
excitation at low temperatures. The effects of screening
of the polarization field in the QD and state filling were
studied as a function of e-beam current and the average carrier
occupation number n with CL and with a 3D 6×6 k·p selfconsistent calculation method. We attribute carrier filling and
a thermal excitation of holes into higher energy hole states
during excitation to account for a nearly linear decrease in
the polarization anisotropy ratio, Rp , with n at T = 300 K,
while almost no thermal excitation of holes occurs at the
lowest temperatures in the calculations (T = 46 K). These
results demonstrate the possibility of utilizing growth of IIInitride QDs on thermally mismatched Si as a method in strain
engineering to create polarized solid-state light sources that
could be incorporated into LCD display technologies.
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