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Direct generation of linearly polarized photon emission
with designated orientations from site-controlled InGaN
quantum dots

Anders Lundskog1, Chih-Wei Hsu1, K Fredrik Karlsson1, Supaluck Amloy1,2, Daniel Nilsson1, Urban Forsberg1,
Per Olof Holtz1 and Erik Janzén1

Semiconductor quantum dots (QDs) have been demonstrated viable for efficient light emission applications, in particular for the

emission of single photons on demand. However, the preparation of QDs emitting photons with predefined and deterministic

polarization vectors has proven arduous. Access to linearly polarized photons is essential for various applications. In this report, a

novel concept to directly generate linearly-polarized photons is presented. This concept is based on InGaN QDs grown on top of

elongated GaN hexagonal pyramids, by which the predefined elongation determines the polarization vectors of the emitted photons

from the QDs. This growth scheme should allow fabrication of ultracompact arrays of photon emitters, with a controlled polarization

direction for each individual emitter.
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INTRODUCTION

Quantum dots (QDs) have validated their important role in current

optoelectronic devices and they are also seen promising as light

sources for quantum information applications. An improved effi-

ciency of laser diodes and light-emitting diodes can be achieved by

the incorporation of QDs ensembles in the optically active layers.1 In

addition, the proposed quantum computer applications rely on

photons with distinct energy and polarization vectors, which can be

seen as the ultimate demand on photons emitted from individual

QDs.2 A common requirement raised for several optoelectronic appli-

cations, e.g., liquid-crystal displays, three-dimensional visualization,

(bio)-dermatology3 and the optical quantum computers,4 is the need

of linearly polarized light for their operation. For existing applications,

the generation of linearly polarized light is obtained by passing unpo-

larized light through a combination of polarization selective filters and

waveguides, with an inevitable efficiency loss as the result. These losses

can be drastically reduced by employment of sources, which directly

generate photons with desired polarization directions.

Conventional QDs grown via the Stranski–Krastanov (SK) growth

mode are typically randomly distributed over planar substrates and

possess different degrees of anisotropies. The anisotropy in strain field

and/or geometrical shape of each individual QD determines the polari-

zation performance of the QD emission. Accordingly, a cumbersome

post-selection of QDs with desired polarization properties among

the randomly distributed QDs is required for device integration.5

Consequently, an approach to obtain QDs with controlled site and

polarization direction is highly desired.

Although no perfect solution has been presented yet, several

approaches on the site and polarization control of QDs have been

reported. Preferential nucleation sites with finite areas created by in

situ electron beam lithography6 and prefabricated pyramidal7–11 or

nanowire12–14 templates have been demonstrated to obtain site-con-

trolled QDs. However, these approaches do not provide any obvious

path to polarization control. One route to achieve polarization control

of the QD-based light-emitting sources is to grow stacked SK QDs.15,16

Large stacks of SK QDs are analogous to quantum wires, with the

strongest confinement in the lateral directions, in contrast to a thin

QD for which the vertical confinement is more significant. The

observed polarization of the emission is successively rotated from a

predominant transverse-electric mode to a transverse-magnetic mode,

as the number of QDs in the stack increases. However, the emission is

relatively broad and it red-shifts significantly when the polarization is

rotated from transverse-electric to transverse-magnetic due to the

reduced vertical quantum confinement.15 The QD-based single

photon sources with polarization control presented up to date relies

on a dot-in-microcavity design, in which the QD emission has to be

tuned in order to efficiently couple with cavity modes. The tuning of

the QD emission with respect to the cavity resonance can be done by

temperature17,18 or by taking advantage of the Stark effect in an elec-

trically gated cavity.19 The concept with single QDs embedded in a
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E-mail: anlun@ifm.liu.se

Received 22 April 2013; revised 29 September 2013; accepted 11 October 2013

Light: Science & Applications (2014) 3, e139; doi:10.1038/lsa.2014.20
� 2014 CIOMP. All rights reserved 2047-7538/14

www.nature.com/lsa

www.nature.com/lsa


nanowire is a promising alternative, as both the QD site and the

polarization direction can be controlled.14 However, the polarization

will be restricted to the direction parallel to the long axis of nanowire,

as the mechanism of polarization control in this case is due to the large

dielectric constant contrast between the nanowire and the surround-

ing air, attenuating the electric field transverse to the long axis of the

nanowire.14

In this work, an approach to directly generate linearly polarized QD

emission is demonstrated. Deterministic polarization directions are

achieved by introducing site-controlled InGaN QDs on top of elon-

gated GaN-based hexagonal pyramids (GaN EHPs) without employ-

ing complex cavity solutions. The polarization directions of the QD

emission are found to be well aligned with the orientation of the EHPs.

The reliability and consistency for this architecture are tested by a

statistical analysis of InGaN QDs grown on GaN EHP arrays with

different in-plane orientations of the elongations.

III-nitrides (III-N) QDs with potential to emit from the deep ultra-

violet to the infrared have emerged as one of the most technologically

important materials for optoelectronic applications. The wide bandgap

range of III-N semiconductors opens the possibility to attain deep

confinement potentials for the QDs, which has potential for high-tem-

perature operation, as already demonstrated for a GaN-based single-

photon source operating at 200 K.20 Moreover, III-N QDs are seen to be

the best candidate for high performance optoelectronic applications

due to their feasibility of achieving QD emission with an inherently

high degree of linear polarization.21 Our results clearly show that it is

possible to control the polarization direction of the emitted photons

from InGaN QDs by varying the orientations of the underlying GaN

EHPs. The polarization direction of the ground-state-related emission

from the QDs reflects the axis of in-plane anisotropy of the confining

potential, concerning both strain and/or QD shape.22,23 The same

polarization direction for different QDs indicates that all grown QDs

possess the same unidirectional in-plane anisotropy. Such simultaneous

alignment of multiple QDs with controllable orientations has not been

reported up to now to the best of our knowledge.

MATERIALS AND METHODS

Patterned substrate for the growth of GaN EHPs and symmetric

hexagonal pyramids (SHPs)

The GaN EHPs and ordinary sixfold SHPs were selectively grown

through oval and circular openings, respectively, on a lithographically

patterned SiN-masked substrate. The substrates consisted of a 2.0 mm

thick (0001)-oriented GaN film epitaxially grown on a 4-inch, n-type,

on-axis 4H-SiC substrate starting with an AlN nucleation layer

(,100 nm).24 The defined pattern was created by conventional ultra-

violet lithography and reactive ion etching technique. Both circular

openings and oval openings were repeated to form 10310 arrays with

a center-to-center distance of 6.3 mm. The radii (R) of the circular

openings were made 1.5 mm. The oval openings were deviations from

circular openings (Figure 1a) in such a way that a rectangle with a

constant width of 2R and variable lengths E (E50.2, 0.4, 0.6, 0.8 and

1 mm) was inserted between two semicircles along designated direc-

tions. An angular parameter a, defined as the angle between the E-axis

and the [2110] direction of the underlying GaN template, was intro-

duced to describe the orientations of GaN EHPs as shown in Figure 1b.

a was varied in 306steps over a 1506period giving rise to six different

orientations for the oval openings. For simplicity, the GaN EHPs

described below have E51.0 mm and a506unless indicated otherwise.
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Figure 1 (a) Schematic illustration of the mask design allowing the creation of circular and oval shapes with a506. (b) Schematic illustrations of all oval openings with

various orientations processed on the substrate. The red lines show the elongation axis. The angle between the [21 10] direction of the underlying GaN and the red line is

denoted a. (c, d) Schematic illustration of the morphologies of GaN SHPs grown from circular openings and GaN EHPs grown from oval openings with various values of

a. EHP, elongated hexagonal pyramid; SHP, symmetric hexagonal pyramid.
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The growth conditions of GaN/InGaN/GaN EHPs (SHPs)

A horizontal low pressure hot-wall metal organic chemical vapor depo-

sition system was used to grow entire structure. Trimethylgallium, tri-

methylindium and ammonia were used as precursors and the pressure

during growth process was kept at 50 mbar. The growth conditions

of the GaN EHPs and SHPs were based on our earlier development of

uniform GaN SHPs with top (0001) facets.25 After the formation of

GaN EHPs (SHPs), InGaN and GaN-cap layers were subsequently

deposited on top of the EHPs (SHPs). The growth temperature for

the GaN EHPs (SHPs) and the subsequent InGaN QWs/QDs were

1030 6C and 800 6C, respectively. Upon this structure, a thin GaN cap

layer (about 6–8 nm) was grown at 800 6C.

Optical characterizations

A continuous wave laser operating at 266 nm was used as the excitation

source. The laser was focused to a spot diameter of ,1.5 mm through a

reflective objective. The spot diameter was significantly smaller than

the interdistance between the pyramids (6.3 mm) and consequently

could the emission properties of individual EHPs be studied. The

emission was collected by the same objective and subsequently guided

through the optics for polarization analysis, consisting of a rotatable

half-wave retardation plate and a fixed linear polarizer, before entering

the monochromator. This polarization analyzer provides detection of

light linearly polarized along an adjustable angle h. In order to correlate

the direction of the linearly polarized emission with the designated

elongation direction, the reference angle h506 corresponds to a506,

which is parallel to the [2110] direction of the underlying GaN tem-

plate. The polarization direction of the emission (Q) can be determined

by fitting the measured data with the conventional formula for polari-

zation: I hð Þ~ A z B cos2 h {ð Þ. To elucidate the polarization

guiding effect (a5Q) in our work, an overall tolerance of 6106 was

used in order to include all possible systematic errors, including the

misalignment of the sample and the optics as well as the judgment

of the corresponding h for maximum and minimum intensities.

Therefore, we consider the results satisfying a {j jƒ 100 a %ð Þ
to be consistent with polarization guiding. The cathodoluminescene

(CL) was performed at 4 K in a Leo 1550 SEM equipped with a

MonoCL2 system. The CL measurements were done by an electron

beam with an accelerating voltage of 2.5 keV and a spectral bandpass of

,3 nm (for 2 mm slit and 1800 lines mm21 grating).

RESULTS AND DISCUSSION

Morphological evolution of GaN EHPs

Given that the initial growth is determined by the shape of the SiN

openings, the growth in circular openings results in GaN SHPs with six

equivalent {1101} planes, as a direct consequence of the hexagonal

characteristics of the wurtzite crystal.11 The GaN SHP is formed by

the volume enclosed by one (0001) surface and six equally sized {1101}

facets (Figure 1c). On the other hand, the growth in oval openings

breaks the condition of equal size for all six {1101} planes; Two of the

six {1101} planes are longer, determined by E, as depicted in Figure 1c.

By prolonging the growth time, six {1101} sidewalls converged to form

an elongated (0001) surface directed along E (forming a ridge). The

length and width of the ridge were estimated to be approximately

1.0 mm and 100 nm, respectively, when E was set to 1.0 mm. Owing

to the sixfold symmetry of the wurtzite structure, rotating GaN EHPs

grown from a506with steps of 606(1206) does not change the shape of

GaN EHPs, but merely results in an in-plane rotation (cf. Figure 1d,

upper part). However, a rotation with a5306, 906 or 1506 leads to a

shape different than that of a506. Assuming that the growth rate is

similar for GaN EHPs and SHPs, and that the long axis of the GaN

EHPs still follow a, the growth of two planes perpendicular to a will be

ceased during the growth. Continuous growth of the GaN EHPs will

lead to small rhombic-shaped (0001) surfaces (Figure 1d, lower part).

Consequently, one can say that the GaN EHPs with a506, 606and 1206

are characterized by one type of morphology, while those with a5306,

906and 1506have another type of morphology. The orientations of the

GaN EHPs as well the top ridges are found to be highly correlated with

the polarizations directions of the emission from the InGaN QDs.

Such polarization guiding will be further elucidated and verified in

the following.

Multiple InGaN QDs on a GaN EHP

Figure 2a shows representative polarization-dependent microphotolu-

minescence (mPL) spectra from a GaN EHP measured at 4 K. A broad

emission band peaking at 386 nm and several emission peaks in the

range between 410 and 420 nm are observed. The monochromatic CL

images in Figure 2b clearly reveal that the broad emission band and the

sharp peaks are associated with the InGaN layers on the {1101} facets

and the InGaN QDs on top of the GaN EHP, respectively. Such an

observation is consistent with previous results, in which c-plane trunca-

tions on GaN SHPs serve as preferential QD formation sites via SK-like

mechanism.11,26 The full-width half-maxima of the emission peaks in

the present case are relatively broad (. 4 meV). Two additional experi-

mental observations should be noted. First, spectral peaks with the full-

width half-maxima as sharp as that of individual QDs on GaN SHPs (in

the range of 0.35–1.2 meV) can be observed.11 Second, the peaks merge

into a broad band when the number of QDs on a GaN EHP is increased

by shortening the growth time of the pyramid to enlarge the top (0001)

area. Therefore, the larger full-width half-maxima in the present case is

suggested to be due to the inhomogeneous broadening caused by mul-

tiple QDs on top of the EHP.27 In addition, the emission peaks of

InGaN QDs are not sensitive to the temperature.11,28 A temperature
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Figure 2 (a) mPL spectra of EHPs with the polarization analyzer set to hmax (hmin)

by which the maximum (minimum) intensity of sharp emission peaks are

detected. (b) Spatially resolved monochromatic CL intensity maps of another

GaN EHP from the same growth experiment. CL, cathodoluminescene; EHP,

elongated hexagonal pyramid; mPL, microphotoluminescence.
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robust optical behavior is advantageous for QD-based single photon

emitters operating at high temperature.

Interestingly, all the QD-related emission peaks are strongly polari-

zed along the same direction as evidenced by the fact that all peaks have

their maximum and minimum intensities at the same h (Figure 2a).

Referring to our excitation/detection geometry, the linearly polarized

emission can be ascribed to the in-plane anisotropy of the QD con-

finement potential.22,23 Thus, our experimental results imply that the

in-plane anisotropies of all the InGaN QDs on the same EHP are

simultaneously aligned. Moreover, the magnitude of in-plane aniso-

tropy should be significant to achieve the observed high degree of

polarization.

The polarization guiding effect of GaN EHPs

As shown in Figure 2a, all the emission peaks associated with the QDs

on a GaN EHP are linearly polarized along the same direction (show-

ing the same Q). Further correlation between the polarization-resolved

measurements and the orientations of GaN EHPs (defined by a)

reveals that the polarization direction is parallel to the elongation

(a % ~00 in Figure 2a). As depicted in Figure 1, the implantation

of E in the mask design allows the creation of oval openings and the

formation of GaN EHPs with ridges parallel to the E. The lengths of the

ridges on GaN EHPs should be proportional to E, while the widths of

the ridges should be independent on E, but related to the growth time.

For simplicity, E is used as an averaged parameter representing the

degree of elongation in GaN EHPs. The effect of E is statistically

studied by measuring the polarization directions of QDs on GaN

EHPs with various values of E for the case of a506. As demonstrated

in Figure 3, the polarization guiding effect becomes more effective for

E larger than 0.6 mm. A nearly perfect guiding effect (with a probability

.0.9) is obtained for the maximal E51.0 mm in the current mask

design, implying that the elongated ridges help to guide the polariza-

tion. In addition, GaN EHPs with various values of a have been

examined in order to investigate the possibility to control the polar-

ization guiding in different directions. A polarization guiding (a>Q) is

unambiguously revealed for GaN EHPs with a506, 606 and 1206 (as

demonstrated in Figure 4). For the remaining group of GaN EHPs

with a5306, 906 and 1506, preferential polarization directions are

seemly revealed, but a % is not strictly followed.

The origin of polarization guiding

To investigate the polarization guiding, the actual morphologies of

those GaN EHPs shown in Figure 4 have been further examined. A

general observation is that the GaN EHPs tend to comply with the

design of the oval openings with a506, 606and 1206, as evidenced by a

large scale of uniform GaN EHPs shown in Figure 5a. The orientations

of the GaN EHPs as well as the top ridges match well with the direc-

tions of the oval openings of a506, 606and 1206 (compare the upper

part of Figures 1d and 5b). On the other hand, the growth of GaN

EHPs with a5306, 906 and 1506, does not lead to the formation of

elongated ridges (Figure 5c). It should be noted that the growth of

EHPs with a5306 (1506) often resulted in distorted GaN EHPs with

unidentified facets enclosed by the six {1101} planes. Therefore, the

polarization guiding effect can be ascribed to the orientations of GaN

EHPs and the formation of elongated ridges.

Preferred polarization directions of III-N QDs grown on planar

(0001)-oriented substrates have earlier been reported by using different

fabrication approaches.22,23 In these reports, the preferential polariza-

tion directions were not understood. A unidirectional strain induced

by the underlying layers to the overgrown QDs was given as a plausible

explanation. However, such a behavior is a macroscopic character,

rendering any further control of the polarization direction unrealistic

based on current conventional growth techniques, as it would imply

control of the strain under every QD over the entire substrate.
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The polarization control observed in this work can be explained in

three ways: (i) the GaN EHPs transfer an anisotropic biaxial strain

field to the QDs resulting in the formation of elongated QDs. The

strength of the strain field in the EHPs should then be strongly corre-

lated with E and accordingly explaining why the guidance probability

presented in Figure 3a increases continuously with E; (ii) given that

the top parts of GaN EHPs are fully strain relaxed, as concluded for

GaN SHPs,29 the asymmetry induced by a ridge will result in an

anisotropic relaxation of the in-plane strain of the QDs on the ridge.

The degree of relaxation is higher along the smallest dimension of the

top area, i.e., along the direction perpendicular to the ridge elonga-

tion, leading to the ground state emission of the QD being polarized

parallel to the ridge; and (iii) the ridge formation edges form a

Schwoebel–Ehrlich barrier which prevents adatoms of diffusing out

from the (0001) facet.30,31 Since the adatoms have larger probability to

interact with an edge barrier parallel rather than orthogonal to the

ridge elongation, the adatoms will preferentially diffuse parallel to the

ridge elongation. Upon nucleation in such a directional diffusion of

adatoms, elongated QDs may form. The polarization direction is

known to be governed by the strain and shape anisotropy of the

QD. As the strain and the shape of the QD are not independent factors

and any accurate structural information of the QD currently is

unavailable, further investigations are needed to gain additional

information on the predominant factors determining the polarization.

The high degree of polarization in III-N QDs

Wherever the QDs are formed, on GaN SHPs or EHPs with various

values of E, the degree of polarization for the QD emission is typically

high, as shown in Figure 6a with measurements from a GaN EHP with

a506. The polarization degree of the III-Ns is more sensitive to the in-

plane asymmetry compared to the III-As system due to the significant

band mixing and the identical on-axis effective masses of the A and B

bands in the III-N.22 A statistical investigation of the value of P per-

formed on 145 GaN EHPs (Figure 6b) reveals that 93% of the inves-

tigated GaN EHPs possess P.0.7 with an average value of P50.84. A

similar investigation has been performed on GaN QDs grown on AlN/

Si (111) substrates by Bardoux et al.22 in which only 20% of the QD

emissions had P.0.7 with an average value of P50.63. The polariza-

tion of the emissions is related to the QD asymmetry determined by

the anisotropy of the internal strain and electric fields, as well as by the

structural shape of the QD itself.22 Numerical computations predict a

high degree of polarization for small or moderate in-plane shape

anisotropy of GaN and InGaN QDs.32,33 This is related to the intrinsic

valence band structure of the III-Ns. To reach P>0.95, an in-plane

shape elongation of 1.25 : 1 is needed for an InGaN QD,23,33 while a

corresponding aspect ratio of 2.5 : 1 is needed for GaN QDs.32 In

particular, we have identified the split-off energy as the key material

parameter determining the degree of polarization for a given asym-

metry.21 Figure 7 shows the computed degree of polarization plotted
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ings with a506. (b, c) Magnified SEM images of individual GaN EHPs complied

with oval openings with various values of a. EHP, elongated hexagonal pyramid;

SEM, scanning electron microscope.
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against a variation of the split-off energy. Given a fixed asymmetry of

the QDs, it is concluded that the material with the smallest split-off

energy exhibits the highest degree of polarization. The extreme sensi-

tivity on the asymmetry for InGaN QDs can be ascribed to a significant

band mixing in InN and implies its inherent advantage for the gen-

eration of photons possessing a specific polarization.

CONCLUSIONS

In this paper, we have demonstrated an effective method to achieve

site-controlled QDs emitting linearly polarized emission with con-

trolled polarization directions by growing InGaN QDs on top of elon-

gated GaN pyramids in a metal organic chemical vapor deposition

system. The polarization directions of the QD emission can be guided

by the orientations of the underlying elongated GaN pyramids. Such

an effect can be realized as the elongated GaN pyramids provide addi-

tional in-plane confinement for the InGaN QDs implanting unidi-

rectional in-plane anisotropy into the QDs, which subsequently emit

photons linearly-polarized along the elongated direction of the GaN

EHPs. Several advantages of our present work can be expected for

applications. First, the deep confinement potential which is achievable

for III-N QDs will allow high temperature operation.20 Second, the

emission wavelength regime could be tunable from ultraviolet to near

infrared by adjusting the In composition in the InGaN. Third, a high

polarization degree is more easily achieved in InGaN QDs compared

to other semiconductor materials, even if the crystalline orientation is

[0001]. Otherwise, semipolar or non-polar III-N layers must be used

to achieve a high polarization degree.34 Fourth, our approach is com-

patible with current large-area wafers and processing techniques.35 If

the number of QDs on a GaN EHPs is reduced, site-controlled QDs

with controlled separation will facilitate the fabrication of ultracom-

pact single-photon emitters with controllable photon polarization

vectors on a single chip.
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Figure 7 The computed degree of polarization plotted as a function of the split-off

energy. The QD shape is assumed to be lens-shaped with an in-plane asymmetry

of b/a50.8. The single particle electron (hole) eigenstates are obtained from an

effective mass Schrödinger equation (with a 6 band k?p Hamiltonian), discretized

by finite differences. The Hamiltonians include strain and internal electric fields

originating from spontaneous and piezoelectric polarizations. The polarized

optical transitions are computed by the dipole matrix elements. QD, quantum dot.
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