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The optical polarization of emission from ultraviolet (UV) light emitting diodes (LEDs) based on

(0001)-oriented AlxGa1�xN multiple quantum wells (MQWs) has been studied by simulations and

electroluminescence measurements. With increasing aluminum mole fraction in the quantum well

x, the in-plane intensity of transverse-electric (TE) polarized light decreases relative to that of the

transverse-magnetic polarized light, attributed to a reordering of the valence bands in AlxGa1�xN.

Using k � p theoretical model calculations, the AlGaN MQW active region design has been opti-

mized, yielding increased TE polarization and thus higher extraction efficiency for bottom-emitting

LEDs in the deep UV spectral range. Using (i) narrow quantum wells, (ii) barriers with high alumi-

num mole fractions, and (iii) compressive growth on patterned aluminum nitride sapphire tem-

plates, strongly TE-polarized emission was observed at wavelengths as short as 239 nm. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4932651]

Light emitting diodes (LEDs) in the deep ultraviolet

(UVC) spectral region are of significant interest for applica-

tions in a variety of fields.1,2 However, the external quantum

efficiency (EQE) of AlGaN-based LEDs decreases rapidly

when lowering the emission wavelength to values below

265 nm.3 Recently, we reported on the optimization of

charge carrier injection,4 as well as improvement of the

internal quantum efficiency (IQE) through growth on low-

dislocation density AlN templates fabricated by epitaxial lat-

eral overgrowth (ELO) of patterned AlN/sapphire.5,6

Additionally, the light extraction efficiency is also a chal-

lenge for UV emitters due to its strong dependence on the

optical polarization of the emitted light. The emission pattern

for transverse magnetic (TM, E k c) polarized light is in-

plane and thus the light extraction of TM-polarized light

through the surface of a (0001) device is an order of magni-

tude smaller compared to transverse electric (TE, E? c)

polarized light.7 In the AlxGa1�xN system, the topmost va-

lence band splits into three energetically close subbands with

different symmetry due to the spin-orbit and crystal field

interaction. The radiative transition of an electron from the

C7 conduction band to a valence band is determined by the

symmetry of the corresponding valence subband. The strong

difference of the sign and the value of the crystal field energy

between GaN (12.3 meV)8 and AlN (�221 meV)9 leads to

switching of the valence band order and consequently to a

change of the light polarization from TE polarization (GaN)

to TM polarization (AlN) when pushing towards shorter

emission wavelengths by increasing the aluminum mole

fraction in the multiple quantum well (MQW).10–14

Therefore, the light extraction efficiency and thus the EQE

are dependent on the optical polarization and are signifi-

cantly reduced for shorter wavelengths.

In this study, we report on the in-plane polarization de-

pendence of LEDs emitting in the UVC spectral range. First,

model calculations based on k � p-perturbation theory15,16

have been applied to investigate the light polarization for

UVC LEDs with compressively strained quantum wells.

Particularly, the dependence on the aluminum mole fraction

in the quantum well x as well as in the barrier y were studied.

Simulation results were subsequently used to design and

fabricate UVC LEDs with an increased degree of TE polar-

ization. Polarization-dependent electroluminescence (EL)

measurements were then used to evaluate the light polariza-

tion properties.

Using model calculations based on k � p-perturbation

theory, the dependence of light polarization and emission

wavelengths on the quantum well design was studied. At

first, a k � p-band model for strained wurtzite AlxGa1�xN

layers was used to determine the conduction and valence

band properties for the aluminum mole fractions x and y,

e.g., band-edge energies, effective masses, and oscillator

strengths as discussed by Chuang and Chang.16 Material pa-

rameters for GaN and AlN used in the calculations can be

found in the literature.8,9,16–20 Band gap energies were calcu-

lated at room temperature (T ¼ 300 K) using a bowing pa-

rameter b¼ 0.9 and assuming a linear change of the crystal

field energy with the composition between the binary materi-

als GaN and AlN.11,12 Using the equations for wurtzite semi-

condurctors,16 the valence band order can be calculated. The

topmost valence band in GaN is the heavy hole band with

C9-symmetry, followed by the light hole band with C7þ-

symmetry, and the split-off hole band with C7�-symmetry.

In contrast, in AlN, the topmost valence band has thea)Electronic mail: Christoph.Reich@tu-berlin.de
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C7þ-symmetry, followed by C9 and C7�. As previously dis-

cussed, the optical polarization of a radiative recombination

is determined by the symmetry of the corresponding valence

band. Radiative recombination is predominantly comprised

of holes from the top valence band (C7þ), and thus results in

TM-polarized light emission for AlN, whereas in GaN, emis-

sion from radiative transitions to the topmost valence band

(C9) is strictly TE-polarized. In addition, the change of the

valence band order involves an anti-crossing of the C7þ- and

C7�-bands, resulting in a change of oscillator strengths and

polarization properties of the emission. This difference in the

valence band order leads to a change of the light polarization

from TE polarization (GaN) to TM polarization (AlN) with

increasing aluminum mole fraction in the layer. The valence

band-edge energies are strongly dependent on strain. In

bulk-like AlxGa1�xN-layers, the calculated valence band

crossing can be shifted from x¼ 0.05 for unstrained layers to

x¼ 0.55 for compressively strained layers grown pseudo-

morphically on bulk AlN. Therefore, the switching of the

light polarization shifts with increasing compressive biaxial

strain towards higher aluminum mole fractions x.14,21 In

addition to the dependence on the aluminum mole fraction

x and the strain, the light polarization in quantum well struc-

tures is strongly influenced by the quantum confinement, due

to different hole masses of the three valence bands.14,22 The

quantum confinement is mainly determined by the barrier

height as well as the well width.23 With decreasing well

width, the degree of polarization increases due to the

increased influence of quantum confinement24,25 as well as

due to the reduced quantum confined Stark effect (QCSE). In

the simulations described in this paper, the quantum well

width was kept constant at 1.5 nm. In our experience, quan-

tum well widths <1.5 nm experimentally lead to poor injec-

tion efficiency and carrier leakage. Therefore, 1.5 nm was

chosen as a compromise to achieve good performance and

TE-polarized emission.

The quantum well band structure was calculated from

the previously obtained conduction and valence band-edge

energies of the well and the barrier. Following the conclu-

sions of Northrup et al.,14 pseudomorphic growth on bulk

AlN substrates was assumed, leading to compressively

strained quantum wells. The model takes into account the

QCSE, effective electron and hole masses of the three top-

most valence bands, finite barrier heights, partial screening of

electric fields by free carriers,14 and strain. Using a numerical

matrix method to solve a discretized Schr€odinger equation

for the conduction band and the three topmost valence bands,

the quantum well states and their wave functions were

obtained.26 For determining the degree of polarization, the

overlap integrals of electron and hole wave functions as well

as the interband momentum-matrix elements for TE- and

TM-polarized emission were calculated16 assuming a

Boltzmann-like thermal occupation of different valence

bands and different quantum well states. The degree of in-

plane light polarization q of a (0001) device is defined by

q ¼ ðITE � ITMÞ=ðITE þ ITMÞ;

where ITE and ITM are the integrated TE-polarized and TM-

polarized light emission intensities, respectively.

Figure 1 shows simulation results of the degree of in-

plane polarization at 300 K for quantum wells pseudomorph-

ically grown on bulk AlN in dependence of the aluminum

content in the quantum well x and the aluminum content in

the barrier y. For a constant barrier height, a decrease of q
with increasing aluminum content in the quantum well x can

be observed. This fact can be explained by the decreasing

distance between the C9- and the C7þ-band and the increased

occupation of higher energy states. At higher aluminum

mole fractions x, the reordering of the two topmost valence

bands as well as change of the interband momentum-matrix

elements leads to a switching of the light polarization (dotted

line) from TE to TM.

Furthermore, for constant x in the quantum well, the

degree of polarization q increases with increasing aluminum

content in the barrier y, becoming more TE-polarized. Thus,

the limit for LEDs with dominant TE-polarized emission can

be pushed towards even shorter emission wavelengths by

using barriers with high aluminum mole fractions. The

strong increase of TE polarization with increasing barrier

height can be explained by the higher effective mass of the

heavy hole valence band (C9-band), yielding TE polarization

compared to the light hole valence band (C7þ-band). Thus,

the degree of light polarization shifts towards TE with

increasing barrier height. In a previous study of LEDs grown

on relaxed AlGaN templates, Kolbe et al. experimentally

determined the TE/TM switching to be at 300 nm,13 whereas

our simulations indicate the TE/TM switching at shorter

wavelengths. This difference can be attributed to higher

compressive strain in quantum wells grown pseudomorphi-

cally on AlN.

Highly compressively strained quantum wells due to

pseudomorphic growth on AlN bulk are beneficial for

achieving TE-polarized emission. An alternative to AlN bulk

substrates is the use of AlN templates fabricated by ELO5 of

patterned AlN/sapphire. The ELO/AlN-layers even exhibit a

slightly increased amount of compressive in-plane strain

(�xx ¼ 0:002) due to differences of thermal expansion coeffi-

cients and the coalescence process. Similar model calcula-

tions for quantum wells strained to ELO/AlN have been

FIG. 1. Degree of polarization q of the emission from AlGaN-based quan-

tum wells pseudomorphically grown on AlN bulk, obtained by k � p-pertur-

bation theory. The polarization switching (dotted line) shifts towards shorter

wavelengths when increasing the barrier height (vertical axis). The gray

lines indicate compositions with constant emission wavelengths.
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performed and are shown in Figure 2. With this increased

compressive strain, the switching of the light polarization is

affected, and shifts by 8 nm towards shorter emission wave-

lengths compared to quantum wells grown on AlN bulk.

Therefore, the ELO approach enables the realization of pre-

dominantly TE-polarized light emitters in the deep UV spec-

tral range, outperforming heterostructures grown on relaxed

AlGaN/sapphire or even homoepitaxial AlN. Summarizing

our simulations, it is possible to obtain strongly TE-

polarized light from UVC LEDs when using compressively

strained MQWs and quantum barriers with high aluminum

mole fractions.

These quantitatively obtained design rules for LEDs with

increased TE polarization were tested experimentally. The

UVC LEDs were grown by metalorganic vapor phase epitaxy

using standard precursors (NH3; TMAl; TMGa; TEGa) and

dopant sources (SiH4 and Cp2Mg) on low dislocation density

(0001) ELO AlN/sapphire templates.5 The heterostructures

consist of a highly conductive AlGaN:Si current spreading

layer,27 a threefold AlxGa1�xN/AlyGa1–yN MQW active

region, and a p-AlGaN electron blocking heterostructure.4

The emission wavelength was varied by changing the alumi-

num content in the quantum well x. The aluminum content y
in the barrier was also adjusted so that the high energy offset

between quantum well and barrier remained constant for all

LED samples. The composition range used for the fabricated

UVC LEDs is indicated by dotted yellow lines in Figure 2.

The LEDs were processed with standard chip-processing

technologies. Inductively coupled plasma etching was used to

fabricate 100 lm� 100 lm mesa structures by etching down

to the n-AlGaN exposing the active region of the LED at the

mesa sidewall. Palladium-based p-contacts and Vanadium-

based n-contacts were deposited to form the electrodes.28 The

mesa sidewalls are not passivated to enable in-plane light

emission in the polarization-dependent EL measurements.

High resolution X-ray diffraction measurements confirmed

pseudomorphic (compressive) growth of the LED hetero-

structure on the ELO/AlN (a¼ 3.1057 Å). The influence of

small strain fluctuations due to the 3 lm-period stripe pattern5

of the ELO can be neglected due to the larger p-contact size

(100 lm� 100 lm). Measurements of the spectra, the optical

power, and the polarization degree were performed at contin-

uous drive current of either 20 mA in bottom-emitter configu-

ration or 5 mA for in-plane emission from the mesa sidewall.

The low current density of 50 A/cm2 for in-plane emission

prevents heating of the LED devices during polarization-

dependent EL measurements. The in-plane emission was

analyzed by a polarization-dependent EL setup using a

Glan-Taylor-prism. The detailed description of the setup can

be found elsewhere.13

The spectra of five UVC LEDs with different composi-

tion of the quantum well, corresponding to decreasing emis-

sion wavelengths from 263 nm to 239 nm, are shown in

Figure 3. The total output power decreases rapidly with

decreasing wavelengths. This fact is mainly due to the drop

of carrier injection efficiency at shorter wavelengths.4

However, a decrease of the TE-polarized part of the emis-

sion could lead to a reduction of the light extraction effi-

ciency. The absolute intensities shown in Figure 3 may also

be influenced by different nonradiative recombination rates

of the different samples. Nevertheless, the polarization

properties are expected to be defined by the population of

the subbands and therefore are independent of different

nonradiative recombination rates. Figure 4 shows the

polarization-dependent in-plane emission spectra of the five

LEDs previously shown in Fig. 3. All spectra are normal-

ized to the maximum of the TE-polarized spectrum. As

expected, the fraction of the TM-polarized emission

increases when decreasing the wavelength. However, the

TE polarization is dominant in all LEDs, even down to

emission wavelengths of 239 nm, which is consistent with

our simulations.

The degree of in-plane polarization q is calculated from

the integrated intensity of these spectra, and is shown in

Figure 5. Between 265 nm and 250 nm, the polarization

degree is almost constant at �þ 0:8. The maximum q is lim-

ited by the collection of unpolarized stray light. Below

250 nm, the degree of in-plane polarization decreases with

decreasing wavelength. However, even at 239 nm, the polar-

ization ratio is still around þ0.5. The observed trend of the

polarization degree confirms the predictions (green stars in

FIG. 2. Degree of polarization q of quantum well structures pseudomorphi-

cally grown on ELO AlN/sapphire, obtained by k � p-perturbation theory. In

comparison to structures grown on bulk AlN, the polarization switching

occurs at higher aluminum content x in the quantum well (horizontal axis)

and thus at shorter emission wavelengths. The dotted yellow lines indicate

the composition range used for the UVC LEDs fabricated in this study.

FIG. 3. Electroluminescence emission spectra of selected UVC LEDs meas-

ured at room temperature (T ¼ 300 K). 100 lm� 100 lm-contacts were

used at a continuous drive current of 20 mA in bottom-emitter configuration.
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Fig. 5) obtained from our simulations. This decrease partly

explains the stronger decrease of the EL intensity below

250 nm in bottom-emitter configuration (Fig. 3), suggesting

slightly increased influence of the light polarization on the

external quantum efficiency for shorter emission wave-

lengths. The light extraction efficiency is currently under

investigation using ray-tracing simulations. Preliminary

results suggest that an increase of the degree of polarization

from TM (q ¼ �1) to q ¼ þ0:5 at 239 nm could lead to an

increase of the light extraction by a factor of 2–3 in agree-

ment to Ryu et al.7 In comparison to previous results for

UVA and UVB LEDs, where a TE/TM polarization switch-

ing was observed at 300 nm,13 we observe dominant TE

polarization at much shorter wavelengths. This fact can be

explained to some extent by the shift of the valence band

crossing towards higher aluminum mole fractions with

increasing compressive in-plane strain. In addition, high bar-

riers and narrow quantum wells in our UVC LED design

result in a larger quantum confinement, favoring TE-

polarized emission in the deep UV spectral range.

In conclusion, we studied the influence of design param-

eters for the active region of UVC LEDs on the polarization

of the emitted light, using model calculations based on k � p
perturbation theory. Compressive strain in the growth-plane

and high quantum barriers are beneficial for enhanced TE-

polarized emission, even at short wavelengths in the UVC

spectral range. Strongly TE-polarized light emission was

obtained from multiple quantum well UVC LEDs pseudo-

morphically grown on compressively strained ELO AlN/

sapphire templates.
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