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It’s not easy being green-

strategies for all-nitrides, all-colour solid state lighting
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The design strategy presently employed to obtain ‘white’ light from semiconductors combines the emission of an InGaN blue or UV light-emitting diode (LED) with that of one or more yellow-orange phosphors. While commercially successful, this approach achieves good colour rendering only by increasing the number and spectral range of the phosphors used; compared to the alternative of combining ‘true’ red, green and blue (RGB) sources, it is intrinsically inefficient. The two major roadblocks to the RGB approach are 1) the green gap in the internal quantum efficiency (IQE) of LEDs; (2) the diode droop in the efficiency of LEDs at higher current densities. The physical origin of these effects, in the case of III-nitrides, is generally thought to be a combination of Quantum Confined Stark Effect (QCSE) and Auger Effect (AE). These effects respectively reduce the electron-hole wavefunction overlap of In-rich InGaN quantum wells (QW), and provide a non-radiative shunt for electron-hole recombination, particularly at higher excitation densities. 

SORBET, a novel band gap engineering strategy based upon quantum well intermixing (QWIM), offers solutions to both of the roadblocks mentioned above. In this introduction to SORBET, its great potential is tested and confirmed by the results of simulations of green InGaN diodes performed using the TiberCAD device modelling suite, which calculates the macroscopic properties of real-world optoelectronic and electronic devices in a multiscale formalism. 


An alternative approach to the realisation of RGB GaN-based LEDs through doping of an active layer by rare earth (RE) ions will also be briefly described.

Copyright line will be provided by the publisher 

1 Introduction Solid state lighting (SSL) by efficient semiconductor diodes offers the possibility of a substantial reduction in the massive 22% of electricity production that is presently used for industrial and domestic lighting in the western world [1]. However, the present generation of commercial ‘white’ LEDs is intrinsically inefficient due to Stokes’ losses entailed in the conversion of blue light, produced by an InGaN diode, to complementary yellow-orange emission from embedded phosphors. Phosphor-assisted (PA) diodes also suffer from deficient colour rendering through their relatively low output in the green spectral region to which the human eye is most sensitive. While additional green- and red-emitting phosphors can improve the colour-rendering index (CRI) such an approach inevitably reduces the overall efficiency of the LED.

A true ‘green gap’ affects the emission efficiency of presently available quasi-monochromatic LEDs: GaAsP-based red emitters suffer from decreased efficiency at lower wavelengths, caused by a transition from a direct to an indirect bandgap; InGaN alloys become less efficient when the InN fraction exceeds 25%. The reasons for the InGaN efficiency drop are poorly understood and likely to be complex [2]; one major contribution is expected from the increased quantum confined Stark effect (QCSE) for deeper quantum wells (QW) in the presence of inbuilt piezoelectric and pyroelectric fields. The resulting decrease in electron-hole wavefunction overlap reduces the recombination rate. 

A bad situation is made worse by the influence of ‘diode droop’: the internal quantum efficiency (IQE), relating photon production to current injection, decreases drastically at high excitation levels. Recent theoretical studies ascribe droop to the Auger Effect (AE), acting to enhance non-radiative recombination, and predict that it will be particularly unfavourable for green-emitting InGaN due to a resonance in the alloy bandstructure [3]. In what follows we will present a bandgap engineering solution to both of these major impediments to progress. 

2 PA vs RGB diodes A comparison between competing white-diode strategies is shown in Figure 1. 

Figure 1. Schematics of two main approaches used to achieve white light using LEDs: a) A blue (or UV) LED is combined with a yellow (or multi-colour) phosphor. b) Combining three LEDs emitting in the green, blue and red.

In the PA approach, illustrated in Fig. 1a), an InGaN diode, emitting near 450 nm, excites a combination of phosphors (e.g.YAG:Ce) designed to emit light, complementary to blue, in the yellow-orange spectrum; an appropriate mixture of the two colours produces ‘white’ light. Whiter light results from the combination of 3 (or more) colours, either by including additional broad-band phosphors, or by mixing colours produced directly by three LED chips as shown in Fig. 1b):  better colour rendering is achieved by the latter process because an appropriate mixture of 3 primaries can approximate all of the shades in the chromaticity diagram. The three-chip approach avoids Stokes’ losses inherent to PA diodes and allows for extreme versatility necessary for “intelligent lighting” solutions where wavelengths can be mixed according to the special needs of niche applications. 

While the blue component of RGB is readily achieved using an InGaN LED and red light is available from III-phosphide sources, the absence of suitable green emitters (the aforementioned green gap) has to date inhibited adoption of the RGB approach. The main aim of the SORBET consortium is to fill the gap by applying novel band gap engineering techniques, to allow the development of high-efficiency green LEDs and consequently open the way to versatile and efficient SSL using the RGB approach.

3 Solid State Lighting Redefined by Bandgap Engineering Techniques (SORBET) Conventional wide bandgap QWs feature sharp interfaces between dissimilar materials, with different lattice constants and bandgaps, for example GaN and InGaN, or ZnO and ZnCdO.  The resulting abrupt potential discontinuities allow accurate comparisons to be made between the results of spectroscopic experiments and the predictions of simple theory, but may have unintended consequences on recombination efficiency. It is found that a ‘blurring’ of the interfaces between QW and barrier materials has a positive effect on device functionality. In general this procedure is referred to as quantum well intermixing (QWIM).

[image: image4.emf]An early example of QWIM from the work of some of the present authors is found in Ref [4]. The onset of QWIM, effected in common-anion II-VI superlattices by simple thermal annealing, is monitored by the disappearance of  superlattice x-ray diffraction satellites, and results in a substantial increase of the radiative efficiency (brighter photoluminescence) and a blue shift of the emission spectrum.

A more recent, and perhaps more pertinent, example of the benefits of bandgap engineering in low-dimensional semiconductors is provided by the work of Wang et al. [5]. In this case, the random telegraph noise (‘blinking’) of a semiconductor nanocrystal is suppressed by softening the interface between the core (CdZnSe) and shell (ZnSe) of the dot. Blinking is the sub-statistical expression of non-radiative emission in single QD [6]: the mean mark-space ratio of the noise measures the emission efficiency of a single dot. Remarkably, the suppression of Auger losses allows the observation of an additional spectral feature, for non-blinking versus blinking QD, due to the recombination of charged excitons (trions). Applied to QW emission in a diode, this new emission pathway would obviously enhance the colour rendering as well as increase the IQE towards 100%.

4 Simulations of graded single quantum wells The TiberCAD [7,8] software was used to perform simulations of GaN/InxGa1-xN/GaN p-i-n single quantum wells (SQW) with different compositional profiles. Only a few of these profiles have been realised in practice [9]. The simulations, based on the self-consistent solution of the Poisson and Schrödinger equations using k·p theory in the envelope function approximation [10], give insights on the wave function overlap and IQE. 
The band profiles for structures with different graded compositional profiles, quasi-Fermi levels, ground state energies and e-h wave function overlap, e-h, are given in Fig. 2, calculated for a typical current density of 100 A/cm2. The wavefunction overlap is strongly dependent on the form of the profile. For the geometries tested, for example, it could be increased from only 5.1 % for a conventional rectangular SQW to 35.4 % for a well consisting of a step plus a graded dip (see Fig.2, sine-staggered). However, the wavefunction overlap is not the only determinant of the IQE as can be seen in Fig. 3 showing the IQE as a function of the current density for the different grading profiles.


In fact, all graded SQW show a significant increase in IQE compared to a rectangular SQW for a wide range of current densities. Interestingly, for example a linear gradient leads to a strong increase of IQE although the wavefunction overlap is decreased compared to a rectangular SQW. This can be understood by analysing radiative and non-radiative recombination rates. The total carrier recombination, R, inside the quantum well is given by the sum of radiative recombination and nonradiative Shockley-Read-Hall (SRH) and Auger recombinations as 

R = Rrad + RSRH + Rauger 
(1).

The modelled parameters are given by  

Rrad= Bnp


(2), 

RSRH = Anp/(n+p) 

(3)

and 

Rauger = C(n+p)np 

(4)

where n and p are electron and hole concentrations and A, B and C appropriate model parameters. The recombination parameters used here for the SQW (A-1 = 50 ns, B = 4×10-11 cm3/s, C = 3×10-31 cm6/s) are taken from equivalent simulations that fit the IQE of blue MQW InGaN/GaN LEDs. 

Fig. 4 shows the recombination rates for radiative and non-radiative recombination for the different grading geometries, calculated for a current density of 100 A/cm2. It is clearly seen that Auger losses are strongly reduced for all graded cases, whereas gradings resulting in higher wave function overlap additionally show an increase in peak radiative recombination.  
5 An alternative approach? RE-doped GaN The doping of widegap semiconductors with rare earth (RE) ions offers an alternative approach to the realisation of all-nitride, all-colour SSL [11]. Doping with Tm, Er and Eu can produce blue, green and red components, respectively. Ref [12] offers an introduction to this field. Here, we summarise recent advances with particular reference to Eu doping.
Photoluminescence/excitation (PL/E) spectroscopy clearly distinguishes 2 major luminescent defects in ion-implanted GaN:Eu after annealing; these are referred to as Eu1 and Eu2 [13]. Eu2 is hard to excite with sub-bandgap light, with nm while Eu1 has a broad excitation band, called X1, near 390 nm. 

For above-gap excitation, Eu2 emission is stronger than that of Eu1 in samples annealed conventionally at higher temperatures; Eu2 also dominates in samples subjected to a high pressure (1 GPa) of N2 during annealing, for all temperatures. In general the presence of Eu2 correlates with greater recovery from the lattice damage caused by implantation with fast heavy ions. Eu2 is identified as isolated substitutional Eu on a Ga site, while Eu1 may include a closely associated lattice defect, perhaps the N vacancy [14].

Whilst early examples of GaN:Eu diodes were high-voltage devices, Fujiwara et al. have recently reported the successful construction and operation of an injection diode with a GaN:Eu active layer, grown using metallorganic vapour phase epitaxy (MOVPE) and similar in construction to a conventional III-N diode on sapphire [15]. The emission spectrum, with Eu2 dominant, mirrors the PL spectrum of the active material for above-bandgap excitation, and the structural quality of the MOVPE GaN:Eu layer matches that of the best ion-implanted material [16]. However, the ion-implanted samples are somewhat more efficient. In addition, annealing MOVPE GaN:Eu improves the emission spectrum by further increasing the luminescence of Eu2 defects [17].

Optimisation of the Fujiwara diode, in terms of both the IQE and the total light output, has proved to be difficult and it is too early to say at the moment whether RE doping of nitrides offers a realistic route to commercial SSL.

6 Conclusions Compared to the PA approach, RGB diodes offer higher efficiency and the possibility to mix different wavelengths to obtain a specific result. The major drawbacks to RGB, the green gap and diode droop, particularly affect green-emitting semiconductor devices. We ascribe these, respectively, to QCSE and AE, and seek their solution through bandgap engineering of the interfaces between the active layer and the barriers in otherwise conventional InGaN LEDs.
Preliminary simulation results, obtained using the TiberCAD modelling suite, are encouraging, showing both an increase of electron-hole overlap and an increase in IQE at higher current densities for particular potential profiles. SORBET’s main task will be to realise the best potential profile attainable experimentally by employing QWIM. In addition, interface alloying may also benefit strain management in lattice-mismatched InGaN/GaN and ZnCdO/ZnO material systems.
RE-doped GaN offers an alternative strategy for RGB which also requires further testing and development.
References

  [1]
E. F. Schubert and J. K. Kim, Science 308, 1274 (2005) 

  [2]
M. H. Crawford, IEEE J. Sel. Topics in Quantum Electr. 15, 1028 (2009)
  [3]
Kris T. Delaney, Patrick Rinke and Chris G. Van de Walle, Appl. Phys. Lett. 94, 191109 (2009)
  [4]
P.J. Parbrook, B. Henderson, K.P. O’Donnell, P.J. Wright and B. Cockayne, Semicond.Sci.Technol. 6, 818 (1991)
  [5]
 X. Wang, X. Ren, K. Kahen, M. A. Hahn, M. Rajeswaran, S. Maccagnano-Zacher, J. Silcox, G. E. Cragg, A. L. Efros and T. D. Krauss., Nature 459, 686 (2009)

  [6]  A. L. Efros and M. Rosen, Phys. Rev. Lett 78, 1110 (1997)

  [7]  TiberCAD simulation package, http://www.tiberlab.com
  [8]  M. Auf der Maur, G. Penazzi, G. Romano, F. Sacconi, A. Pecchia, and A. Di Carlo, IEEE Trans. El. Dev. 58, 1425 (2011)
   [9] H. Zhao, R. A. Arif, and N. Tansu, IEEE J. Sel. Topics in Quantum Electr. 15, 1077 (2009); J. A. Davis, L. V. Dao, X. Wen, C. Ticknor, P. Hannaford, V. A. Coleman, H. H. Tan, C. Jagadish, K. Koike, S. Sasa, M. Inoue, and M. Yano, Nanotechnology 19, 055205 (2008)
   [10] S. L. Chuang and C. Chang, Phys. Rev. B 54, 2491 (1996) 
   [11] A. J. Steckl, J. C. Heikenfeld, D-S Lee, M. J. Garter, C. C. Baker, Y. Wang and R. Jones, IEEE J. Sel.Topics in Quantum Electr.  8, 749 (2002)
   [12] “Rare Earth Doped III-Nitrides for Optoelectronic and Spintronic Applications”, ed. K.P. O’Donnell, Topics in Applied Physics 124, Springer (2010)
    [13] V. Katchkanov, K. P. O’Donnell, S. Dalmasso, R. W. Martin, A. Braud, Y. Nakanishi, A. Wakahara, and A. Yoshida, phys. stat. sol. (b) 242, 1491 (2005); K. Wang, R. W. Martin, E. Nogales, P. R. Edwards, K. P. O’Donnell, K. Lorenz, E. Alves, I. M. Watson, Appl. Phys. Lett. 89, 131912 (2006); L. Bodiou, A. Oussif, A. Braud, J. L. Doualan, R. Moncorgé, K. Lorenz, E. Alves, Optical Materials 28, 780 (2006)
   [14] I. S. Roqan, K. P. O’Donnell, R. W. Martin, P. R. Edwards, S. F. Song, A. Vantomme, K. Lorenz, E. Alves, M. Boćkowski, Phys. Rev. B 81, 085209 (2010)
    [15] A. Nishikawa, T. Kawasaki, N. Furukawa, Y. Terai, and Y. Fujiwara, Appl. Phys. Express 2, 071004 (2009)
    [16] K. Lorenz, E. Alves, I. S. Roqan, K. P. O’Donnell, A. Nishikawa, Y. Fujiwara, and M. Boćkowski, Appl. Phys. Lett. 97, 111911 (2010)
    [17] K. P. O’Donnell, Proceedings of MRS Spring Meeting 2011, Symposium V, submitted.
�





Fig. 3 The internal quantum efficiency (IQE) calculated from the semiclassical recombination rates for SQW with different compositional profiles.
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Fig. 2: Band profiles, quasi Fermi levels and ground state energies for GaN/InxGa1-xN/GaN p-i-n SQW with different compositional gradings. The compositional profile and the e-h wave function overlap are given in each frame.
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Fig. 4 Semiclassical radiative and non-radiative recombination rates for SQW with different compositional profiles.
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