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Section S1. Additional Experimental Data. 

 

 

Figure S1. Typical RHEED pattern after 5 minutes of AlGaA NWs Growth. 
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Figure S2. Typical macro-PL spectrum at 4K of AlGaA NWs with GaAs QDs. 

 

 

Figure S3. Typical EDX spectrum of AlGaAs NW with GaAs QDs. 
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Figure S4. Typical spectra of microPL of the single NWs with QDs vertically standing on the sub-

strate (a) and lying on the substrate (b). 

Section S2. Purcell Factor for Waveguide and Leaky Modes. 

a) Purcell Factor for Waveguide Modes 

The dispersion equation for an infinite non-magnetic cylindrical waveguide with the 

radius 0  and dielectric permittivity   in air is: 
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Here 0 /k c=  is a free-space light wavevector; 
0/mk m =  where m  is an 

integer cyclic number; mJ  and mK  are the Bessel functions of the first kind and the 

modified Bessel functions respectively; and 
2 2

1 0zk k k = −  (
2 2

2 0 zk kk = − ) is the 

transverse component of the wavevector in air (in the waveguide material) which de-

pends on the propagation wavenumber zk  Solving equation (1) we obtain dispersion 

dependencies ( ),

c

m zk  for different waveguide modes and are able to calculate the 

mode group velocities: 
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We define the Purcell factor as a ratio of the spontaneous emission rate into a par-

ticular channel to the total spontaneous emission rate of a dipole emitter in the bulk ma-

terial with dielectric permittivity  . In order to find the expression for the spontaneous 

emission rate into a waveguide mode we use 1. Fermi’s Golden Rule 2. standard Born–

von Karman periodic boundary conditions on the top and bottom facets of a quantization 

cylinder [1] 3. normalization of the waveguide mode to the single photon energy. As a 

result we obtain a simple dimensionless expression for the Purcell factor for the wave-

guide-mode luminescence: 
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Here de  is the unit vector which defines polarization of the dipole optical transi-

tion; 
,m

WG


E  is the (complex) electric field profile of the waveguide mode at the emitter 

position and 
,mS   is the energy normalization integral: 
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where   is the distance from the waveguide axis; 
,m

WG


H  is the magnetic-field 

profile of the mode and ( ),mp    is the density of electromagnetic energy (here we use 

the Gaussian unit system). The expression (3) is qualitatively similar to the previously 

used variants [1,2] but with important difference that Eq. (4) is universal and does ac-

count for the cylindrical character of the electromagnetic field in the waveguide whereas 

in Refs [1,2] implicit assumption of equality of electric and magnetic parts of energy is 

used which is true only for plain waves. We note that the scaling of electromagnetic field 

of the waveguide mode in Eq.(3,4) is arbitrary; it is sufficient to use the same electro-

magnetic profile in Eqs. (3) and (4). 

The modes with 1m =   have only the radial nonzero component on the wave-

guide axis: 

                                           ( )1, 0m

WG x yi = =  E e e                             (5) 

where 
,x ye  are the Cartesian basis vectors perpendicular to the waveguide axis. 

Therefore, the fundamental waveguide mode HE11 interacts only with the dipole transi-

tions on the waveguide axis which have nonzero radial component of the dipole matrix 

element: ( ) 0x y di  e e e . 

b) Purcell Factor for Leaky Modes 

The electromagnetic field in the external medium can be written as a sum of 

TM-polarized waves 
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                          and TE-polarized waves 
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Here the plus and minus superscripts at A  coefficients show the direction of wave 

propagation from and to the structure axis (the time dependence of the form ( )exp ti−  

is presumed); 
(1,2)

mH  are Hankel functions. 

Unlike the waveguide modes the leaky radiative modes which transfer energy di-

rectly into external medium are not localized in the vicinity of the structure. Therefore, 

the quantization procedure should involve not only the top and bottom facets of the 

quantization cylinder but the cylindrical surface as well. Here we generalize the ap-

proach of Ref. [3]: the tangential components of electric E  and magnetic H  fields are 

required to be equal to zero on the cylindrical surface of the quantization cylinder and 

then the geometric dimensions (the length zL  and the radius R  ) of the cylinder are 

put to infinity. Using Fermi’s Golden rule and the normalization of the electromagnetic 

field energy contained in the quantization cylinder to the energy of a single photon we 

derive the Purcell factor of the leaky modes. The luminescence of the quantum emitter on 

the waveguide axis can be described by the following Purcell factor 
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Here   is the angle between the structure axis and the leaky mode propagation 

direction and 
2

m

J E D  is the total electromagnetic energy EMW enclosed inside the 

quantization cylinder  reduced to the arear of the cylindrical surface 2 zRL . If the 

electromagnetic field in the external space is a sum of cylindrical waves, Eqs. (6, 7), the 

limit of 
2

m

J E D  for the infinite radius R  is finite and well defined: 
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                              Deriving (9) we presumed that light absorption is negligible.  

To be able to use equation (8) one needs to find the electric field ( )0m

J  =E  of the 

leaky mode at the structure axis. Using the aforementioned boundary conditions, we 

found that the leaky modes can be divided into two types of mixed modes: EH-like and 

HE-like modes, similarly to the case of the waveguide modes. For the EH-like modes the 

amplitude coefficient 
TEA−

 of the convergent TE-polarized wave is proportional to the 

coefficient 
TMA−

 of the convergent TM-wave: 
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and for HE leaky modes the relation is 
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In Eqs. (10,11) the reflection coefficients r  are introduced as ratios of the amplitude 

coefficients A+  of the diverging waves of curtain polarizations to the amplitude coeffi-

cient of the incident convergent wave A−  (hence the problem of incidence and reflection 

of cylindrical waves for the homogeneous waveguide is considered). These coefficients 

can be written in the form of a matrix: 
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We found the explicit form of these coefficients for a homogeneous waveguide: 
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In (13) subscript 1 designate parameters of the external medium and subscript 2 

stands for the parameters of waveguide material. Using Eqs (6,7,10,11,13) one can find 

the electromagnetic field of the quantized leaky mode in the external medium. The field 

is proportional to the arbitrary coefficient 
TMA−

 for EH-leaky modes and to 
TEA−

 for 

HE-leaky modes. Using continuity of the tangential field components on the cylindrical 

interface of the waveguide one can find the electric field in the center of the structure 
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which is proportional to the aforementioned A  coefficients. Substituting the field into 

Eq.(8) and using Eq.(9) one obtains the leaky-mode Purcell coefficient which is inde-

pendent from arbitrary values of 
TMA−

 and 
TEA−

 . Similarly to the waveguide modes the 

electric field of the leaky modes with 1m =   is radial and for TM-mode with 0m = it 

has axial direction. 

Section S3. On the directionality of emission from NW. 

In experiment radiation emitted by quantum dot in vertically standing NW or NW 

on the substrate is collected by objective, characterized by certain numerical aperture or 

cone angle. Figure S5 demonstrate the ratio of radiation power collected by objective 

oriented along the axis NW exceeds to corresponding value for orientation of objective 

perpendicular to the axis of NW for radial and axial orientation of dipole (directional 

parameter) as a function of the cone  angle for infinitely long uniform NW of the diam-

eter 130 nm.  

 

 

Figure S5. (a) Ratio of integrated emission probability inside the cone oriented along axis of NW 

and inside the cone oriented in perpendicular direction for axial orientation of dipole (blue) and 

radial orientation (red) as a function of the cone angle; (b) The scheme illustrating calculation of the 

Directional parameter. 

It can be seen, that for our experimental condition, for axial orientation of the dipole, 

the emission probability in vertical (axial) direction is about 7 times larger, than radial 

direction. At the same time, for radial orientation of the dipole, directional parameter is 

comparable to unity. 

An emission pattern of the NW can be influenced by the substrate via positive or 

negative interference by the wave emitted outward the substrate and the wave emitted 

toward the substrate and reflected back. 

Figure S6 shows the distribution of the time-averaged Poynting vector around the 

NW, standing vertically on a Si substrate and lying on a Si substrate. As can be seen from 

the Figure S2, the radiation from the lying nanowire is partly taken by a substrate. 

 

(b)	
(a)	
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Figure S6. Distribution of the time-averaged Poynting vector around the NW, standing vertically on a Si substrate (a) and 

lying on a Si substrate (b). 

Emission pattern in AlGaAs nanowires with GaAs quantum dots have been studied 

using simulations in the “Electromagnetic Waves, Frequency Domain” module of 

COMSOL multiphysics software. The proportions of the nanowire were taken close to 

the experimentally grown NW (diameter 130 nm, height 2 μm). The refractive index for 

AlGaAs is n_NW=3.5 [4], for a silicon substrate is n_sub=3.7 [5]. We used the "Scattering 

Boundary Condition" on the boundaries of the model. In the model, we have used a free 

triangular mesh with the maximum cell size of 5 nm and 20 nm for NW and for the am-

bient media, respectively. An "Electric Point Dipole" was placed in the center of the 

nanowire at a distance of 1.2 µm from the base with an orientation parallel to the nan-

owire axis. 

Qualitative analysis shows, that for lying NW total flow of radiation into substrate 

exceeds the flow of radiation outward the substrate by the factor of five.  

Together with effect of directional emission described above, effect of substrate 

provides the two order of magnitude difference between observed emission intensities 

for standing and lying NW. 
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