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Executive Summary 

 

For this final deliverable, we analyse the impact of random alloy fluctuations in the 
performance of planar nitride LEDs using multi-dimensional models. This work brings together 
the building blocks developed in WP6 and WP2. In particular, it builds on Deliverable D6.7, in 
which vertical and lateral carrier transport, taking indium fluctuations into account, were 
investigated. 

On the one hand, TIBER has modelled 2D LED structures to assess the impact of alloy 
fluctuations and its dependence on barrier width, which is a critically important parameter in 
real devices. Results reveal significant differences between models assuming the virtual 
crystal approximation (VCA) and those including random alloy fluctuations, both in the current-
voltage (I-V) characteristics and carrier distribution across the active region of the device. 

Due to tool development delays and the difficulties in achieving the required understanding of 
the relevant physical processes, full multidimensional LED models have only been available 
very recently. As a consequence, it has not been possible for OSRAM to fabricate and 
characterize improved LEDs structures based on simulation-assisted design. The planned 
resources were then devoted to the study of the impact of localization in the recombination 
dynamics of LEDs. Nonpolar, polar and bulk (In,Ga)N samples were investigated by PDI using 
time-resolved photoluminescence (TRPL). Furthermore, special top-emitting LEDs with 
polished surface fabricated by OSRAM were characterized under large reverse bias (flat 
quantum wells). Preliminary results, pending confirmation, point at polarization fields as the 
root cause of the slow “power law” decay of the photoluminescence (PL) intensity observed in 
polar (In,Ga)N, validating the picture of carrier localization delivered by TNI-UCC’s tight-
binding models. 
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1 Overview 
Successfully injecting carriers into an increasing number of quantum wells (QWs) has been 

over the last decades one of the keys to alleviate the droop issue inherent to nitride LEDs, 

thus boosting efficiency and paving the way for the solid state lighting revolution. However, 

accurately modelling of the carrier transport in (In,Ga)N/GaN multiple quantum wells (MQWs) 

has remained a challenge to date (due mostly to the intrinsic polarization fields and other 

material related issues). Developing and validating the tools to tackle this problem has been 

the ultimate goal of WP6 in the DEEPEN project. 

In the last few years the nitride community has increasingly devoted more effort to model the 

impact of indium fluctuations on carrier transport [Browne2015, Wu2015]. This issue has also 

been central to the project from the very beginning, with a focus on the smallest spatial scales. 

For this, TNI-UCC has developed tight-binding bandstructure models of MQW structures 

capturing the atomistic nature of the problem and the resulting carrier localization phenomena 

[Schulz2015a]. The band structures obtained with these models have been imported into the 

OMEN software (provided by ETHZ) to conduct calculations based on Non Equilibrium 

Green’s Functions (NEGF). In parallel, to complement TNI-UCC’s work and be able to perform 

faster simulations, as well as including hole transport, TIBER has developed 2D drift-diffusion 

(DD) models introducing random indium fluctuations in the plane of the quantum wells. The 

model development was supported by experimental studies of the electron transport in uni-

polar structures (OSRAM) and the lateral carrier diffusion (PDI and OSRAM). Results obtained 

with these approaches for n-doped uni-polar structures were reported in detail in Deliverable 

D6.7. 

For D6.9, we moved on to the simulation of multi-QW (MQW) LED structures. TIBER extended 

the models developed in D6.7 with input from OSRAM to reproduce realistic structures and 

account for hole transport. In section 2 of this report, the impact of indium fluctuations in the 

current-voltage characteristics and recombination profiles are analysed extensively for 

different barrier thicknesses. We also aimed here by comparison at assessing the limitations 

of the models based on the Virtual Crystal Approximation (VCA). Interestingly, results reveal 

the impact of alloy fluctuations to be different to that in uni-polar structures. 

It was originally planned to use the modelling tools developed in DEEPEN to design improved 

structures for OSRAM to fabricate. Unfortunately, due to delays in the building blocks, full LED 

models have been available only very recently. This was also to some extent caused by the 
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complexity of studying the carrier transport and the extra efforts required to provide the 

required experimental inputs (e.g. lateral carrier diffusion parameters). Due to this, resources 

were devoted to other topic critical to LED performance, namely, the recombination dynamics 

in the active region. In section 3, time-resolved photoluminescence (TRPL) studies conducted 

by PDI with both polar and nonpolar QWs, as well as in bulk (In,Ga)N samples (all provided 

by OSRAM), are presented. Experiments reveal fundamental differences in the behaviour of 

polar and nonpolar QWs resulting, respectively, in power law and single exponential PL 

decays. These results are consistent with TNI-UCC’s work demonstrating theoretically hole 

localization and predicting exciton-like recombination in nonpolar QWs. 

To further analyse the role of the polarization fields in polar (In,Ga)N QWs, PDI carried out 

similar TRPL measurements on green commercial LEDs fabricated by OSRAM. In these 

devices, it is possible to screen the polarization fields by applying a reverse bias and thus 

achieve flat band conditions in the QWs. Preliminary results under such conditions reveal 

single exponential decays, similar to those of nonpolar samples. 

 

2 Multidimensional modelling of carrier transport in InGaN MQW 
LEDs 

2.1 Model description and test structure 

 
In this section we will show the results of DD simulations of MQW LED structures. In the report 

of D6.7 we already introduced the method developed by TIBER to project information from 

atomistic alloy fluctuations onto a finite element grid to perform continuum level calculations. 

For this Deliverable, TIBER extended the models described in the report of D6.7 to reproduce 

realistic LED structures and account for hole transport, as well as anisotropic carrier mobilities.  

Drift-Diffusion calculations have been performed on a 2D model p-i-n LED structure designed 

in the following way (see Fig.1): it comprises 4 InGaN QWs, separated by barriers whose 

thickness assumes the values 3 and 7 nm; the nominal indium concentration in the QWs being 

18%. The last barrier is followed by an AlGaN Electron Blocking Layer (EBL), p-doped with 

1x1019 cm-3. The n-GaN and p-GaN contact regions are respectively n-doped 2x1018 cm-3 and 

p-doped 2x1019 cm-3, while the QWs are kept intrinsic (n.i.d.). The simulation domain is around 

400 nm long along the growth x-axis and 50 nm wide along the lateral y-axis. 

 

Fig. 1 Model structure of the MQW LED used in the simulations 

Using the framework described in detail in the report of D6.7, continuous FEM-based models 
have been applied to this MQW structure, both in the case of a constant indium composition 
in the QWs (VCA model) and of random alloy fluctuations. In the latter case, as mentioned 
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earlier, the local concentration distribution due to random alloy fluctuations is projected to the 
finite element model of the device and may be used in calculations on a continuum level. 

First, the strain map has been calculated (see Fig. 2) by imposing periodic boundary conditions 

to the lateral boundaries of the 2D model. From the strain field the piezoelectric polarization 

fields have been derived and included in the transport calculations performed via DD. In Fig. 

2, on the right, the conduction and valence band profiles obtained for a bias above threshold 

(V=2.44 V) are shown, for a line along the x-axis. In both cases, the effects of alloy fluctuations 

are evident, respectively, in the distribution of compressive strain inside the QWs and in the 

local variation of potential and thus of band profiles according to indium composition. 

 

Fig. 2 yy strain component map  in the LED with 3nm barriers (left); conduction and valence band 

profiles along x-axis for an applied voltage V=2.44 V (right).                                                                       

Finally, current vs. voltage (I-V) characteristics have been obtained by applying a voltage to 

the left and right contacts of the LED structure and performing DD calculations for each bias 

step. The lateral electron mobility µel in the QWs has been set to a value of 4x10-4 cm2/V/s 

corresponding to the upper bound value for lateral mobility deduced from experiments 

conducted at PDI (see deliverable D6.6), while hole mobility µhl in the QWs has been set to an 

even lower value of 1x10-5 cm2/(V.s). The electron and hole vertical mobilities in the GaN 

barriers have been set throughout all the simulations shown here, respectively, to 300 

cm2/(V.s) and 15 cm2/(V.s) (see [Piprek2004] and references therein). 

For comparison, as larger diffusion lengths have been reported elsewere in the literature (see 

D6.6), calculations have also been performed with higher QW in-plane electron and hole 

mobilities of 100 cm2/(V.s) and 15 cm2/(V.s), respectively. 

 

2.2 I-V characteristics 

Fig. 3 show the calculated I-V characteristics for the two values of barrier thickness and for 

both random alloy and VCA model.  

It can be seen that the presence of random alloy fluctuations results in an evident reduction of 

the LED threshold voltage (in the 100-200mV range) with respect to the case where the 

concentration of indium is kept constant inside the QWs. This is different to the behaviour of 

the uni-polar samples modelled for D6.7, in which the voltages in the presence of random alloy 

fluctuations were systematically larger than those obtained with the VCA. 
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Fig. 3 I-V 
characteristics 
for the 4 MQW 
structure with 3 
and 7 nm 
barriers, with 
and without a 
random alloy, 
and with two 
different in-plane 
mobility sets. 
Note that the 3 
nm curves with 
random alloy are 
almost identical. 

 

 

The interpretation of these results is far from trivial, since in uni-polar samples electrons alone 

flow through the structure, while in the case of the LED structure the current is driven by the 

recombination of electrons and holes in the quantum wells. On the one hand, the lower turn-

on voltage in Fig. 3 for structures with random alloy fluctuations would be consistent with the 

presence of regions with higher indium content and therefore lower bandgap [see the 

magnitude of the band edge energy in Fig. 2(right)]. At the same time, the composition 

inhomogeneities lead to recombination hotspots (see next section). This means that the LED 

with random alloy fluctuations has an “effective” smaller area for the current flow (in the yz 

plane), which could explain the cross-over of the IV curves at larger current densities.  

Furthermore, as expected, the dependence of the I-V characteristics in Fig. 3 on the barrier 

thickness shows an increasing voltage for thicker barriers. In the case of random alloy 

fluctuations, the voltage difference between 3nm and 7nm barriers appears to be larger than 

that assuming VCA. 

In Fig. 3 we also show the I-V characteristics (dash-dot lines) obtained when changing the in-

plane electron and hole mobilities in the QWs (here used as an adjustable parameter) to higher 

values [µel = 100 cm2/(V.s) and µhl = 15 cm2/(V.s)]. For the 3nm barrier case, this change does 

not have an impact on the I-V characteristics, while in the 7nm barrier case higher lateral 

mobilities make only a small difference well above threshold voltage. 

The electrical characteristics discussed up to this point do not, however, tell the whole story. 

Critical to the LED efficiency is the distribution of the carriers across the active region and the 

resulting recombination profile, as it will be shown in the next section. 

2.3 Current flow and carrier recombination 

To shed some light on the effect of random fluctuations on the current output, we show in Fig. 
4 the distribution of In composition and the flow lines of electron and hole current through the 
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QWs. It can be seen that, similarly to the unipolar case, the injection of current in a QW is 
enhanced where the interface between barrier and QW corresponds to regions where the 
indium concentration assumes a lower value, thus providing a lower polarization-induced 
barrier. 

  

 

 
 
 
 

Fig. 4 Electron (top left) and hole (top right) 
current flow lines through QWs for 3nm-
thick barriers. Both carriers are shown in 
the bottom picture. The underlying color 
map depicts the random alloy composition 
in the LED QWs. 

 

Moreover, once injected in the QW, flow lines for both particles tend to converge to regions 

with a higher value of In composition, which provide a lower band gap and thus a potential 

well for the particles. This is particularly evident in the top right and bottom plots of Fig. 4, 

where hole current is displayed, respectively alone and together with electron current. We can 

thus expect a higher recombination rate in correlation with regions with higher In composition, 

since we are using the same A (Shockley-Read-Hall), B (bimolecular recombination) and C 

(Auger) parameters with and without random alloy fluctuations. 

This can be observed in Fig. 5, which shows the net recombination rate in the QWs, 

respectively, for VCA and random alloy model at a given bias (V=2.44, 3 nm barriers). While 

for VCA the recombination rate is uniform along the y-axis, as expected, in the random picture 

it shows a clear enhancement in the regions of the QW where In composition is higher (that 

is, with lower bandgap). Although left and right plots in Fig. 5 do not correspond to the same 

current, they do illustrate the much higher peak recombination rates in the hotspots, as 

compared to the VCA case (and the resulting smaller “effective” active volume). 
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A similar behaviour in general terms is observed with thicker barriers, as depicted in Fig. 6 for 

the case of 7nm. 

In order to compare correctly the results from the two models, we integrate the recombination 

rate over the area of each quantum well in the xy plane, which in turn allows us to quantify the 

fraction of recombination taking place there. The results for 3nm and 7nm barriers are shown 

in Fig. 7, this time for a given current density of 80 A/cm2, typical in realistic operating 

conditions. 

 

Fig. 5 Net recombination rate in 1/cm3/s at an applied voltage of 2.44V (left) for VCA model 

(right) model with random alloy fluctuations.  

Fig. 6 Electron current flow lines for 7nm barrier (left); Net recombination rate in each random alloy QW for 

V=2.44 and for 7 nm barrier (right).  

 



8 
 

 

 
Fig. 7 total 
recombination profile 
(radiative + non-
radiative) in the LED 
active region for 3nm 
(blue) and 7nm (red) 
barriers. Solid and 
dashed columns 
correspond, 
respectively, to VCA 
and random alloy 
results. In all cases, the 
in-plane electron 
mobility µel in the QWs 
is set to 4x10-4 
cm2/(V.s) and the hole 
mobility µhl to 1x10-5 
cm2/(V.s). 

 
The most striking feature Fig. 7 is that recombination mostly takes place in the n-most QW of 

the structure. This suggests an overestimated hole transport, since in the literature of nitride 

LEDs most of the recombination at high current densities is typically reported to occur in the 

quantum wells closest to the p-side (the reason could be an overestimated activation of 

Magnesium). Secondly, the recombination profiles for 3nm barriers appear to be slightly 

shifted towards the n-side compared to those with 7nm barriers. This suggests, although again 

not as significantly as expected, a worse hole transport for thicker barriers. And last, but very 

importantly, a shift of the recombination profile towards the n-side is observed in the presence 

of random alloy fluctuations (particularly for the 7nm barriers). This is the signature that such 

fluctuations lead to an improved hole transport relative to that of the electrons (despite of the 

larger voltage, which was attributed before to the smaller “effective” area of the LED). 

Fig. 8 shows analogous results to those of Fig. 7, but assuming larger in-plane mobilities. Here 

the recombination profile for 3nm barriers is again shifted towards the n-side compared to the 

7nm case. However, the presence of random alloy fluctuations does not have the same effect 

observed previously. 

 

 

Fig. 8 total 
recombination profile 
(radiative + non-
radiative) in the LED 
active region for 3nm 
(blue) and 7nm (red) 
barriers. Solid and 
dashed columns 
correspond, 
respectively, to VCA 
and random alloy 
results. In all cases, the 
in-plane electron 
mobility µel in the QWs 
is set to 100 cm2/(V.s) 
and the hole mobility µhl 
to 15 cm2/(V.s). 
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Calculating the internal quantum efficiency of the LED requires again knowledge of the A, B 

and C parameters, whose literature values have typically been fitted using 1D VCA-based 

models. Therefore, it is not meaningful to compare the IQE curves with and without random 

alloy using the same parameter set, since the improvements originating from changes in 

carrier transport would be masked by the difference in effective active volume (the peak IQE 

value with random alloy fluctuation is expected at much lower current densities due to the 

larger carrier densities at the recombination hotspots). Accounting for this effect in the models 

could be an interesting topic for future work and would enhance their applicability to device 

design. 

We can then conclude that random alloy fluctuations do contribute to improving the carrier 

transport, particularly the holes, and have an impact on both I-V characteristics and internal 

device efficiency. This impact is, however, not at large as expected probably due to the hole 

transport being overestimated in the VCA models to start with. Still these trends are 

qualitatively similar to previously published simulation results on nitride LEDs, where random 

alloy fluctuations have been taken into account [Wu2015].  
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3 The different types of recombination processes in (In,Ga)N 

 

To experimentally investigate the nature of the recombination processes in (In,Ga)N and 

(In,Ga)N/GaN heterostructures with different crystal polarities, we compare the decay of the 

photoluminescence (PL) intensity of three different types of (In,Ga)N samples grown by 

OSRAM using metal organic chemical vapor deposition. The three sample types are: first, an 

(In,Ga)N layer grown on GaN(0001) with a thickness of 40 nm and an In content of 13 % which 

leads to emission in the violet spectral range. Second, a sample containing 

(In,Ga)N/GaN(0001) quantum wells (QWs) with a thickness of 3 nm that emit in the blue 

spectral range. And third, µ-rods containing single (In,Ga)N/GaN(11̅00) QWs with a thickness 

of 5–10 nm emitting in the violet spectral range. Figure 1 shows steady-state PL spectra at 

room temperature. All samples have full width at half maxima in the range of 80–120 meV [cf. 

Fig. 9] reflecting the presence of alloy disorder. Although the µ-rods contain the lowest In 

content, the FWHM at room temperature is rather large due to the compositional gradient 

along the µ-rod. However, the PL spectra are similar, revealing the structural equivalence and 

the comparable homogeneity of the investigated samples. 
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Fig. 9 Normalized PL spectra for the three different types of samples measured at room temperature. 

For the time-resolved PL measurements, we utilize time-correlated single photon counting 
which provides a high dynamic range both in intensity and time. The PL transients of all three 
samples at 10 K are shown in Fig. 10. The decay of the nonpolar QWs in the µ-rods is single 
exponential over 2–3 orders of magnitude which is highlighted by the semilogarithmic 
representation in Fig. 10(a). This behavior is commonly observed in GaN and suggests that 
the recombination primarily originates from the decay of excitons. In contrast, the decay of the 
PL intensity of the polar QWs is highly nonexponential, while the polar bulk sample seems to 
reflect an intermediate case with a single exponential initial part and a subsequent 
nonexponential tail. Similar experimental observations at low temperatures, namely the 
nonexponential PL decay in polar QWs and the single exponential decay in nonpolar QWs, 
have been published by Dawson et al. [Dawson2016]. Analyzing the decay over an extended 
time range and showing the transients in a double-logarithmic representation, we observe that 
the transients are not only nonexponential but exhibit asymptotes that obey a power law [cf. 
Fig. 10(b)]. Especially for the polar QWs, the power law dominates the transient and the decay 
is extremely prolonged. A power law decay is the fingerprint of the tunneling recombination of 
spatially separated electrons and holes [Hong1981, Morel2003]. For all samples, the type of 
the decay stays the same at room temperature but the decay slightly speeds up (not shown). 
Summarizing, we observe two different recombination mechanism: excitonic recombination 
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for nonpolar QWs and recombination of spatially separated electrons and holes for polar QWs. 
Atomistic simulation of polar and nonpolar (In,Ga)N/GaN QWs by Schulz et al., as reported in 
deliverable D6.6, also suggest the picture of the recombination of spatially separated electrons 
and holes in polar QWs and the recombination of excitons in nonpolar QWs [Schulz2015a, 
Schulz2015b]. 
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Fig. 10 Low-temperature (10 K) PL transients for the three different types of samples in a (a) 
semilogarithmic and (b) in a double-logarithmic representation. The dashed-dotted lines indicate a 
power law and the dashed lines represent single exponential functions. Note the compression of the 
time-axis by a factor of four for the polar QWs in (a). 

In the following, we will discuss a possible interpretation of the experimental observation to 
shed light on the origin of the different shapes of the PL decay. The main difference between 
polar and nonpolar (In,Ga)N QWs is the presence of polarization charges (piezo and 
spontaneous) in the polar case. The resulting polarization field reduces the exciton binding 
energy and leads to a separation of electrons and holes. Indeed, Schulz et al. have shown 
that electrons preferentially localize at well-width fluctuations at the QW interfaces, while holes 
(due to their large effective mass) localize in regions with higher In content, i.e., atomic scale 
In clusters in the random alloy (In,Ga)N [Schulz2015a, Schulz2015b]. Thus, we have a 
competition between the localization energy which separates the charge carriers from each 
other and the exciton binding energy EBX(F) which is influenced by the strength of the 
polarization field F. In a first approximation, we may assume that the localization energy Eloc 
is the sum of the contributions from electrons localized at well-width fluctuations Eloc,e and 
holes localized at In clusters Eloc,h. In a random alloy, the localization energy of the holes 
should not differ much between samples with similar In content. However, the influence of 
localized electrons at well-width fluctuations dominates Eloc in polar QWs, while it is almost 
negligible in polar bulk and nonpolar QWs. From our experimental observations, we conclude 
that EBX(F)>Eloc for the nonpolar QW (i.e., mostly excitonic recombination), EBX(F)<Eloc for the 
polar QW (i.e., recombination of electrons and holes), and EBX(F)≈Eloc for the polar bulk. 
However, it is difficult to experimentally deduce quantitative values for Eloc by comparing 
different types of samples. 

By applying a voltage across an (In,Ga)N/GaN heterostructure, we have the possibility to 
directly tune the electric field inside the QWs. Thus, we have the possibility to influence the 
exciton binding energy but keeping the localization energy constant. Applying an reverse bias 
in the case of a p-i-n (In,Ga)N/GaN(0001) heterostructure will reduce the strength of the field 
inside the QW. Subsequently, the exciton binding energy should increase and the shape of 
the decay should change from a power law [EBX(F)<Eloc] to a single exponential [EBX(F)>Eloc] 
decay. 
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For the measurements of the decay of the PL intensity with applied reverse bias, similar to the 
measurements by Jho et al. [Jho2002], we have used special LEDs fabricated by OSRAM 
within the framework of the DEEPEN project. These are commercial state-of-the-art devices 
containing (In,Ga)N/GaN(0001) QWs emitting in the green spectral range. Additionally, unlike 
in typical LEDs, the top surface of the chips was polished to avoid light scattering. More 
information about the advanced chip design of the LEDs can be found in Ref. [Laubsch2010]. 
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Fig. 11 Normalized PL transients of the QWs in the LED without (0 V) and with (−20 V) an applied 
reverse bias measured at 300 K. The shape of the transient at 0 V changes from a power law (dashed-
dotted line) to a single exponential decay (dashed line) at −20 V. 

Preliminary results are shown in Fig. 11. Without applied bias, the transients of the polar QWs 
exhibit a power law decay extending to the µs-range [cf. Fig. 11]. Simulations conducted at 
OSRAM predict a 5-fold reduction of the polarization fields for this sample at −20 V (flat band 
conditions) and thus, the decay of the PL intensity in the reverse biased polar sample should 
reflect the decay in a nonpolar sample. Indeed, the shape of the transient changes from a 
power law to a single exponential decay over four orders of magnitude when applying a 
reverse bias of −20 V. However, not only the change of the recombination mechanism (from 
electron and hole to excitonic recombination) may cause an acceleration of the decay. Other 
possible mechanisms include the suction of charge carriers due to the large reverse bias as 
well as an enhanced tunneling out of the QWs because of the reduced effective barrier 
thickness induced by the strong band banding. Nevertheless, the observation of a 
simultaneous blue shift of the QW emission and a decrease of the radiative lifetime with 
increasing reverse bias (both not shown) support the idea of a fundamental change in the 
radiative recombination process by tuning the impact of the polarization field caused by the 
polarity of the crystal. A cooperation between Tyndall, OSRAM and PDI beyond the DEEPEN 
project is scheduled to conduct further investigations on this issue.  
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4 Summary 
In WP6 considerable efforts have been devoted to develop models capable of realistically 
capturing the physics of the carrier transport in nitride LEDs. This required understanding both 
vertical and lateral carrier transport in the presence of indium fluctuations, and capturing the 
effects of localization. 

To be able to model full multidimensional LED structures TIBER has, on the one hand, 
developed a method to map atomistic random alloy fluctuations into their continuum finite 
element DD model. Also, the model had to be extended to allow anisotropic carrier mobilities 
and thus account for the low in-plane carrier diffusion inferred from experiments at PDI. 

Simulation results reveal large differences between models assuming the virtual crystal 
approximation (VCA) and those including random alloy fluctuations. As expected, carriers flow 
to regions with higher indium content acting as recombination hot spots. Also both electron 
and holes take advantage of the lowering of the transport barriers in regions depleted of 
indium, resulting in an improved transport and to a change in the carrier distribution across 
the active region of the device. 

Additional resources were devoted to the study of the impact of localization in the 
recombination dynamics of LEDs. Nonpolar, polar and bulk (In,Ga)N samples were 
investigated by PDI using time-resolved photoluminescence. Furthermore, special top-
emitting LEDs with polished surface fabricated by OSRAM were characterized under large 
reverse bias (flat quantum wells). Preliminary results, pending confirmation, point at 
polarization fields as the root cause of the slow “power law” decay of the photoluminescence 
intensity observed in polar (In,Ga)N, in agreement with the picture of carrier localization 
delivered by TNI-UCC’s tight-binding models. 
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