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Effect of surface plasmon coupling with radiating dipole on the
polarization characteristics of AlGaN-based light-emitting diodes
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School of Information Science and Technology & Tongke School of Microelectronics, Nantong University, Nantong 226019, China
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The optical polarization characteristics of surface plasmon (SP) coupled AlGaN-based light emitting diodes (LEDs)
are investigated theoretically by analyzing the radiation recombination process and scattering process respectively. For
the Aly sGag sN/Al/Al, O3 slab structure, the relative intensity of TE-polarized and TM-polarized spontaneous emission
(SE) rate into the SP mode obviously depends on the thickness of the Al layer. The calculation results show that TM
dominated emission will be transformed into TE dominated emission with the decrease of the Al thickness, while the
emission intensities of both TE/TM polarizations will decrease significantly. In addition, compared with TM polarized
emission, TE polarized emission is easier to be extracted by SP coupling. For the Alj ;5Gag 5N/Al nano-particle structure,
the ratio of transmittance for TE/TM polarized emission can reach ~ 3.06, while for the Al free structure, it is only 1.2.
Thus, the degree of polarization of SP coupled LED can be improved by the reasonable structural design.

Keywords: surface plasmon, AlGaN-based light emitting diodes, FDTD, K-P method
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1. Introduction

AlGaN-based light emitting diodes (LEDs) as the deep
ultraviolet (DUV) light sources have attracted great attention
due to their potential applications in water purification, optical
catalysis and other fields.!!! Although great progress has been
made in the research of AlGaN-based DUV LEDs,m the lu-
minous efficiency is still lower than that of GaN-based visible
LEDs.®! One of the limiting factors to improve the luminous
efficiency of DUV-LED:s is the poor light extraction efficiency
(LEE). Different from GaN material, the crystal-field split-off
hole (CH) band of AlGaN alloy will become the topmost va-
lence subband with the increase of Al-content,!*! which will
lead to the transverse-magnetic (TM) dominated emission."!
The TM polarization denotes that the emission polarization is
perpendicular to the c-plane. For c-plane AlGaN-based LEDs,
TM polarized emission is difficult to extract from the top or
bottom surface. In addition, due to the low conductivity of p-
AlGaN, the p-GaN contact layer is often employed in AIGaN-
based DUV-LEDs, which will lead to strong absorption and
reduce the LEE of the device.!%!

In order to improve the performance of DUV LEDs,
structural design strategies are often used, such as ultrathin
GaN/AIN multiple quantum well (MQW) structure!’! and
lateral-polarity structure.®! Moreover, an alternative method
is to adopt the surface plasmon (SP) coupled LED struc-
ture, which can enhance both the internal quantum efficiency
(IQE) and LEE."! For example, He ef al. reported that the
IQE and LEE of DUV LED with Al nanoparticles (NPs) on
Si0O, dielectric interlayer were increased by 230% and 13%,
respectively.['% Interestingly, Zhang et al. reported that the
enhancement ratio of transverse-electric (TE) mode was larger
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than that of TM mode through local SP (LSP) coupling,!'!!
which will help to improve the luminous efficiency of c-plane
LED devices. The TE polarization denotes that the polariza-
tion is parallel to the c-plane. The corresponding mechanism
was considered that the LSP-QW coupling results in the con-
version of some TM emission to TE emission. However, de-
tailed theoretical analysis is lacking in the literature.

In this study, we focus on the effect of SP coupling on the
polarization characteristics of DUV LEDs by numerical calcu-
lation. Firstly, considering the valence band mixing effects and
the scattering relaxation, the TE/TM polarized spontaneous
emission (SE) rate into the SP mode are calculated by 6 x 6
K-P method.['?] The corresponding band structure is obtained
by self-consistent solution of Schrodinger—Poisson equations.
Then, the scattering process of radiating dipole with TE mode
or TM mode in the metal nanostructures is investigated by the
three-dimensional (3D) finite-difference time-domain (FDTD)
simulation. Thus, the effect of the radiative recombination by
SP-QW coupling and the scattering by metal nanostructures
on the TE/TM polarized emissions can be described, respec-
tively. Through these simulation results, the influence of SP
coupling behavior on the optical anisotropy of AlGaN-based
LEDs can be better understood.

2. Theory

When an electron-hole pair in the AlIGaN QW is located
within the SP fringing field penetration depth, the radiative
recombination energy can be transferred into the SP mode in-
stead of into the free space.!'3! The corresponding SE rate into

the SP mode can be expressed as!!?!
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where L, is the active layer thickness, k; is the in-plane wave
vector, I" is the line-width, F is the normalized electric field of
Eg (ki) is the tran-
sition energy from nth conduction sub-band to mth valence
sub-band, f7 and f2™ are the Fermi—Dirac distribution func-

tion. The density of state (DOS) N(7i®) of SPP mode for an
[12]

surface plasmon polariton (SPP) mode,

in-plane metal/dielectric structure can be written as

2k dksp 5

(@)

Here, kg, and L? are the real part of wave vector and the in-
plane area, respectively. As taking account to ohmic loss of

a*

2
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Meanwhile, for TM polarized emission, the momentum matrix

]S,

N

element is

® 3), |2
B-p5,[" = [B* (S1pl2) (0l E-lg?)| for o=,

_ |g* ONE _
= |B(S1p:l2) (@ul Eleh)|” for o =L (5)

Here « and 8 can be obtained by a = fexp( ( 3¢))

and § = \[ exp(i(§+3 )) The azimuthal angle in the k—k,

plane is ¢ = tan~!(k, /k,). In the calculation, the momentum
matrix elements are averaged in azimuth. E, and E; are the
two components of the normalized electric field in the x and z
directions."?! And the block-diagonalized Hamiltonian is em-
ployed for calculating the valence band structure and the wave
functions g,(J ) (v=1,2,3,4,5, and 6).1'3] The index o denotes
3 x 3 upper (U) and lower (L) Hamiltonians. The single band
effective mass Hamiltonian is used for obtaining the conduc-
tion band structure and the wave functions ¢,.[!>]

In order to investigate the scattering process of SP mode
in metal nanostructures, the transmission spectrum of SP cou-
pled LED is calculated by 3D FDTD simulation. Figure 1
shows the schematic illustration of simulated structure. A
cylindrical Al NP with diameter of 170 nm is placed on the
AlgsGagsN layer. Considering the surface oxidation of Al
NP, a 3 nm-thickness Al,O3 layer is coated on the surface of
Al NP. The dielectric constant (€ = & +1&) of Aly 5Gag 5N is
calculated by using model dielectric function (MDF).[!% The

corresponding critical point (CP) parameters is taken from the

(S| x| x) (On] Exlght) +

(S| x| x) (On] Exleht) +

I'/n
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metal materials, the DOS of SPP mode will be broadened. !4

The modified DOS can be expressed as

oy /270y
O — @)? + (0 /20x)?]

where k and Qy are the wave vector of SPP mode and quality

N*(ho) = / N(ra) o dog, (3)

factor, respectively. The quality factor can be calculated by
QO = wy/ovg. Here a and v, are the energy decay rate and
group velocity, which can be expressed as o = 2Im(k) and
vg = dwy/d(Re(k)), respectively.!'¥

For TE polarized emission, the momentum matrix ele-

ment |E - p9,|? in formula (1) can be written as!'?!

2
(S1pxlx) <¢n|Ex|g£3>>‘ for 6= U,

“

Si= S

2
(SIpxlx) <¢n|Ex|g£5>>‘ for &=L,

\
fit-determined MDF parameters in Ref. [16]. Thus, the wave-

length dependent complex refractive index (n) can be obtained
by the formula n = /€. The real part £ and imaginary part
& of the dielectric constants of AlysGagsN, Al and Al,O3
are shown in Fig. 2. The dielectric constants of Al and Al,O3
are taken from the FDTD Solutions software. The radiation
dipoles are placed directly below the Al NP. The distance be-
tween the dipole and the metal is set to 25 nm. The dipole
type is set to electric dipole. The x-axis and z-axis dipoles rep-
resent TE and TM dipoles. The dipole power can be calculated
by using a box of power monitors (monitor 2 in Fig. 1) around
the dipole source. And the transmission power is also obtained
by monitor 1. In the calculation, the transmittance of TE/TM
modes is defined as the ratio of the transmission power and the
dipole power. The perfectly matched layer (PML) boundary
conditions are employed on all sides. For the x, y and z direc-
tions, the size of the simulation range is I pmx1 pmx1 pm.

Air

Fig. 1. Schematic illustration of simulated structure.
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Fig. 2. The real part €; (a) and imaginary part & (b) of the dielectric
constants of AlysGagsN, Al and Al,O3.

3. Results and discussion
3.1. DOS and normalized electric field of SPP mode

Figure 3 shows the schematic diagram of the
Alg5Gag sN/Al/A1,O3 slab structure and the dispersion re-
lation of SPP modes with different Al thickness. The dis-
persion relation of the SPP mode is calculated by performing
a parameter sweep over the wave vector kg, and looking for
frequencies with strong resonances. In the calculation, the
two-dimensional (2D) FDTD simulation is used. The dimen-
sion of the simulation range is 2 umx1 nm for the z and x
directions. The PML boundary condition is set in the z direc-
tion and the Bloch boundary condition is set in the x direction.

Ten randomly oriented dipoles are set in the simulation region.

(a)

A1203 (3 nm)

Al

A10_5Ga0_5N

.

(c) Al 50 nm
@

e e ———
SPP mode (Al%
4 -

£ d
& SPP mode
(AlGaN/Al)

Energy (eV)

ksp (107 m~1)

In Figs. 3(b) and 3(c), two SPP modes from the A1GaN/Al and
Al/Al,O3 interfaces can be observed. In the regime of small
wave vectors kgp, the dispersion curves from the AlGaN/Al
interface are close to the light lines, and the waves can ex-
tend into the dielectric space. Therefore, SPPs are known as
Sommerfeld—Zenneck waves in this regime.!!”! In the regime
of large wave vectors, the SPP mode from the AlGaN/Al in-
terface approaches the SP “resonance” energy (Esp =~ 4.6 eV)
asymptotically. For the thinner Al layer, the dispersion curve
deviates slightly farther from the resonance energy due to the
strong interaction of SPP modes in the two interfaces. In fact,
when the thickness of Al is 50 nm, the dispersion curve almost
coincides with that of semi infinite thickness Al film. The dot-
ted lines in Figs. 3(b)-3(d) are the SPP dispersion relation of
AlGaN/Al/air structure, which is calculated by the formula!'3!

(Lﬁ) (&&) _ (L&) (E_ﬁ>e—272t:0’
€1 & &3 & & & &3 &
(=K —gw*/c*, i=1,2,3). (6)

Here €1, &, and &3 are the permittivity of AlGaN, Al, and air,
respectively. ¢ is the thickness of Al film. It can be seen from
the figure that the calculated results are basically consistent
with the FDTD fitting result. That is to say, the influence of
3nm-thick Al,O3 on the dispersion relation of SPP can be ig-
nored. It should be noted that since the imaginary part of wave
vector k is difficult to obtain from FDTD simulation, we use
the dispersion relation calculated by formula (6) when calcu-
lating the modified DOS of SPP mode. Figure 4 shows the
modified DOS of SPP modes from the AlGaN/Al interface.

(b) AL16 nm

5
SPP mode(Al/A
Yy SPP mode 0
(AlGaN/Al)
-5
ksp (107 m~1)
5
0
SPP mode
(AlGaN/Al) -5

ksp (107 m~1)

Fig. 3. (a) Schematic diagram of the Al 5Gag 5N/Al/Al, O3 slab structure and the dispersion relation of SPP modes with (b) 16 nm Al film, (c)

50 nm Al film, and (d) infinite thickness Al film.
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For the Al 5Gag 5sN/Al/Al, O3 slab with different Al thickness,
the modified DOS of SPP mode has a maximum value at 4.4—
4.48 eV. The energy corresponding to the peak DOS of SPP
mode is lower than the SP resonance energy, which can be at-
tributed to the larger imaginary part of the wave vector at the
SP resonance. In addition, compared with other Al film thick-
ness, the peak DOS of 50 nm thick Al film is relatively large.

10
—— Al 16 nm
8 — — Al 30 nm
----- Al 50 nm
6 Al 70 nm

— Al inf

DOS (10" eV-1.m~—2)
o~

3.5 4.0 4.5 5.0
Energy (eV)

Fig. 4. The modified DOS from the AlGaN/Al interface for the
Alg 5Gag sN/Al/Al, O3 slab with different Al thickness.

Figure 5 shows the normalized electric field (Ey, E;) with
infinite thickness Al film, 50 nm Al film, 30 nm Al film, and
16 nm Al film from 2D FDTD simulation. The dimension
of the simulation range is 1 pmx2 pum for the z and x direc-
tions. The PML boundary conditions are set in the both direc-
tions. In order to eliminate the influence of “magnetic dipole”
light source on detecting the electric field of SPP mode, a high
absorption material is used to separate the light source from
the monitor in the simulation. Only 4 nm gap are left to pass
through the excited SPP mode from the AlGaN-Al interface.
In Fig. 5(a), the normalized electric field solved analytically
is also shown. The corresponding un-normalized electric field
from the AlGaN-Al interface is calculated by the following

formula: 18]
am i (kx— ot
ap,- e amzeilbong
1EM O
+ap£ e IMzgilk—0ne 5 0,
M
Eo= —4D i
a,- quze1(kx7wt) e,
1Ep O
k 4Dz A 1(kx—ort)
+ap£D7w (& (& €e;, X < O
with
2 2 2 2 2 2
gu =k —uemw~, qp=k"—UEpO”. @)

Here, the subscripts M and D denote Al and AlGaN materials,
respectively. From Fig. 5(a), it can be seen that the FDTD fit-
ting result is basically consistent with the analytical solution
result. In addition, the SPP evanescent field decays exponen-
tially. It can be seen from the figure that the evanescent field

on the AlGaN side is almost 0 at a distance of 50 nm from the
metal aluminum. The short SP coupling distance will become
the difficulty in the practical preparation of SP coupled LED
devices. With the decrease of Al layer thickness, the field in-
tensity on AlGaN side decreases obviously due to the coupling
of SPP modes from the two interfaces of Al layer. At the same
time, the influence of the light source on the detected field dis-
tribution is more significant, so that the evanescent field on
the AlGaN side of the structure with Al thickness of 16 nm
will not be exponentially reduced to 0, as shown in Fig. 5(d).
Moreover, as Al thickness is decreased to 16 nm, it is also ob-
served that the E, component of the normalized electric field
on the AlGaN side is greater than the £, component, which
means that the SE rate of TE polarization will be greater than

that of TM polarization.
‘E, -E,
(a) A=285 n‘m Analyticaliy calculated:
A10.5Ga’0.51\£.';; E,
Lt . E.
A
2 i
0 !
2 - -
(b) A=1285 pim i
o s SNE !
o) Alo"’GaO“l}:L_.-" Al: 50 nm ''Al;O3: 3 nm
= 1f FF 54 )
2 ! "
-
£
O
[
5
ke
[
X
=
g
-
o ! !
Z ! '
1.0 T . .
(d) x=285 nm i+
Al 16 nm ! !\
0.5} N\ :ijbOg: 3 nm
Alp5GagsN !
1
o _%\\{—:.\
-0.05 0 0.05 0.10

Position (pm)

Fig. 5. The normalized electric field with (a) infinite thickness Al film,
(b) 50 nm Al film, (c) 30 nm Al film, and (d) 16 nm Al film.

3.2. SE rate into SPP mode

By using the DOS and normalized electric field obtained
above, the TE/TM polarized SE rate into the SPP mode is cal-
culated. Here, the radiation dipole is considered to come from
a quantum well structure composed of a 2 nm Al 35Gag ¢5N
well layer and an 8 nm Al 5GagsN barrier layer. The band
structure is calculated by the 6 x 6 K-P method. The sheet car-
rier density is set as 8 x 10'> cm~2. Figure 6 shows the TE/TM
polarized spontaneous emission spectra from the SP-QW cou-
pling. The thickness of Al is set to be infinite. The spacing d
between QW and Al is set to be 15 nm and 25 nm. Compared
with the case without SP coupling, the SE rate into SPP mode

077801-4
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is significantly improved regardless of TE polarized emission
or TM polarized emission. However, the degree of polariza-
tion (DOP) decreased from —14% without SPP coupling to
—44% (d = 15 nm) and —42% (d = 25 nm). The DOP is
defined as p = (Itg — Irm)/ (It + Irm)- Ite and Iy are the
integrated intensity of the TE-polarized and TM-polarized SE
rate into SPP mode or free space.

SP-coupling with Al layer (inf)

- TE
—TM

hout SP-coupling

Spontaneous emission spectrum
(1028 s=l.em=3-eV 1)
o

= SR, . -
270 275 280 285 290 295 300 305 310
Wavelength (nm)

Fig. 6. TE/TM polarized spontaneous emission spectra from the SP—
QW coupling. The thickness of Al is set to infinite. The spacing d
between QW and Al is set to be 15 nm and 25 nm. The spontaneous
emission spectrum without SP coupling is also shown.

g
=
o) a) d=25 nm
g7 3.0f @ A\ %ﬁ
5% s pe \
§ T o0 Als0 M O\
2 g20 nd \\
RZEERS} | - Al 30 nm
g ~ 1.5
°
Z 3
g S
£ 70
g 270 275 280 285 290 295 300 305 310
o Wavelength (nm)

10
(b) d=25 nm

R W ¥
& 8} .4 TE ~
5 v TM
7 6 A
' v
5 4 Ao A
Z
o A
S S

0 10 20 30 40 50 60 70

Al thickness (nm)

Fig. 7. (a) TE/TM polarized spontaneous emission spectra from SP cou-
pling with Al thickness of 16 nm, 30 nm, and 50 nm; (b) the TE/TM
polarization total SE rate (Rsp) into SPP mode as a function of Al thick-
ness. The Ry, into free space without SP coupling is also shown in (b).

Since the normalized electric field intensity obviously
depends on Al thickness, the SE rate into SPP mode will
change significantly with the change of Al thickness. Fig-
ure 7(a) shows the TE/TM polarized spontaneous emission
spectra from SP coupling with Al thickness of 16 nm, 30 nm,
and 50 nm. With the decrease of Al thickness from 50 nm to

16 nm, the SE rate into SPP mode decreases significantly in
both TE mode and TM mode. In particular, as Al thickness is
16 nm, TE polarization emission is greater than TM polariza-
tion emission, which is different from the other two cases. For
SP coupling with Al thickness of 16 nm, 30 nm and 50 nm, the
calculated degrees of polarization are 13%, —44% and —41%,
respectively. Figure 7(b) shows the TE/TM polarization total
SE rate (Ryp) into SPP mode as a function of Al thickness. The
total SE rate can be obtained by Ry, = L, [;" """ (ho) dho.
It can be observed that for SP coupled LEDs with Al thick-
ness less than 16 nm, the TE polarization emission is greater
than that of TM polarization. Nevertheless, the total sponta-
neous emission rate is significantly smaller than that without
SP coupling structure. Only when the thickness of Al layer
is greater than 24 nm, the average total spontaneous emission
rate is greater than that without SP coupling.

3.3. Transmittance for Al NP structure

It is shown above that the DOP of SP coupled LED varies
with Al thickness. However, due to the anisotropic extraction
behavior of polarized light,!'”) the actual DOP will be differ-
ent from the above calculation results. Figure 8(a) shows the
transmission spectra of an Al NP placed on the Aly5GagsN
layer. The structure diagram of the simulation is shown in
Fig. 1. It can be obviously observed that the transmittance of
TE-polarized light is much larger than that of TM-polarized
light, which will lead to greater DOP. Compared with the case
without SP coupling, the ratio of transmittance between TE
polarization and TM polarization through SP coupling is sig-
nificantly improved. Figure 8(b) shows the transmittance as a
function of Al thickness at A = 285 nm. When the thickness
of Al is less than 20 nm, the transmittance of TM polariza-
tion decreases significantly faster than that of TE polarization
with the increase of Al thickness. When the thickness of Al
is greater than 20 nm, the transmittance of both TE/TM po-
larizations basically remains unchanged with the increase of
Al thickness. With the increase of Al thickness from 0 nm to
70 nm, the ratio of transmittance between TE polarized emis-
sion and TM polarized emission increases from 1.2 to 7.8. It
should be noted that the position of radiation dipole can sig-
nificantly affect the calculated TE/TM polarized light trans-
mission ratio. For example, when the dipole moves from di-
rectly below Al NP to the edge, the ratio for the 30 nm Al
NP structure decreases from 7.5 to 1.82. Nevertheless, the ra-
tio of average transmittance of TE/TM polarized light can still
reach 3.06. As a result, the DOP of SP coupled LED can be
expected to be improved in the actual applications, as reported
in Ref. [11].
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Fig. 8. (a) The transmission spectra of an Al NP placed on the

AlpsGag sN layer; (b) the transmittance as a function of Al thickness
at A =285 nm.

4. Conclusion

In summary, the optical anisotropy of SP coupled LED is
studied by 6 x 6 K-P method and FDTD simulation. Through
SP coupling, the energy of the radiation dipole can be trans-
ferred to the SPP mode, which can be expected to improve the
radiation recombination rate of LED devices. However, the
dipole-SP coupling has different effects on TE/TM polarized
emission. For the Aly5GagysN/AlI/Al,O3 slab structure, when
the thickness of Al is less than 16 nm, the TE-polarized SE rate
into SPP mode is significantly higher than that of TM mode
due to the larger E, component of the normalized electric field
on the AlGaN side. At the same time, when Al thickness is
greater than 24 nm, TM polarized emission becomes the dom-
inant emission, and the average total SE rate is greater than
that without SP coupling. For the Al NPs structure, the extrac-
tion behavior of TE/TM polarized light is obviously different.
Compared with the structure without Al, the decrease of trans-
mittance of TM polarized light is much greater than that of TE

polarized light. Thus, the ratio of transmittance between TE
polarization and TM polarization for the 30 nm Al NP struc-
ture can be increased by 1.55 times at A = 285 nm. In practical
application, the reasonable design of SP coupled LED device
can significantly improve the DOP and luminous efficiency.
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