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Abstract.  

We propose a design for a semiconductor structure emitting broadband light in the infrared, based 

on InAs QDs embedded into a metamorphic step-graded InxGa1-xAs buffer. We developed a model 

to calculate metamorphic QD energy levels based on realistic QD parameters and on strain-

dependent material properties and we validated results of simulations by comparison with 

experimental values.  

On this basis, we designed a p-i-n heterostructure with a graded index profile toward the realization 

of an electrically pumped guided wave device. This has been done by adding layers where QDs are 

embedded in InxAlyGa1-x-yAs layers, to obtain a symmetric structure from a band profile point of 

view. To assess the room temperature electro-luminescence emission spectrum under realistic 

electrical injection conditions, we performed device-level simulations based on a coupled drift-

diffusion and QD rate equation model. On the basis of the device simulation results, we conclude 

that the present proposal is a viable option to realize broad band light-emitting devices. 

 

Keywords: semiconductor nanostructures, quantum dots, metamorphic nanostructures , 

superluminescent diodes 
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 1. Introduction 

Recently, interest has increased in the use of InAs quantum dots (QDs) for broadband light sources 

in the infrared: superluminescent diodes (SLD) based on QDs have been fabricated for medical 

applications such as Optical Coherence Tomography (OCT). 1-4  To increase the spectral bandwidth, 

it is necessary to engineer the energy levels of QDs.1 One of the most successful methods involves 

the use of InGaAs capping layer that causes a reduction of band discontinuities and QD strain: this 

has allowed to redshift the emission of QDs in the 1.3 µm range at RT and to increase the emission 

bandwidth up to 170 nm. 5,6 Chirped Dot-in-a-Well structure were also proposed to achieve broad 

band emission 7,8 by tailoring the composition of the InGaAs quantum well or the thickness of the 

cap layer; broad optical spectra at 1.55 um were achieved with quantum dashes exploiting both 

ground state and excited state emission.9 InAs QDs deposited on InGaAs metamorphic buffers 

(MB), i.e. metamorphic QDs, are very interesting structures. Indeed this approach has been 

demonstrated as very successful in shifting the light emission of InAs QDs to 1.3 µm and 1.55 µm 

and even beyond this value;10-13 lately, such nanostructures have been demonstrated as effective 

single photon sources in the telecom range.14-16 In addition, devices based on metamorphic QDs 

have been fabricated with satisfying performances.17-19 It is hence noteworthy that the presence of 

structural defects, known to be present in the MB, did not forbid the fabrication of performant 

devices not limited to light emitting sources: metamorphic solar cells,20 metamorphic high-mobility 

transistors21,22 and metamorphic optical amplifiers. 23 

In these last years, we have demonstrated that metamorphic QDs are very flexible nanostructures 

from a design point of view, as they provide several degrees of freedom to control properties of 

interest:24 as an example, this allowed to reach RT emission up to 1.59 µm.13 It is worth noticing 

also that the QD density in these nanostructures is usually higher than in structures where InAs QDs 

are deposited over GaAs, reaching values as high as 1011 cm-2.25 

In this work, we propose a RT broadband light source with a large bandwidth based on 

metamorphic InAs QDs. We study two different structures: structure (A) has QDs inserted into a 4-
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guided wave light emitters such as for example a SLDs. For this reason, we have then designed the 

symmetric structure (B), which can provide broadband emission and it is also more indicated for the 

realization of a graded index waveguide.  

In Fig. 5 we show the structure (B), obtained by adding a second In0.30Ga0.70As layer and three 

In0.30AlyGa0.70-yAs layers with QDs embedded. The use of InAlGaAs was necessary to have layers 

lattice-matched to structure (A) that has a lattice parameter aMB (x = 0.30) and with higher energy 

gaps. The value of y was determined by imposing that each top In0.30AlyGa0.70-yAs layer had the 

same energy gap of the corresponding bottom InxGa1-xAs layer. Hence we also performed 

calculation of the bandstructure and confined QD states on the symmetric structure (B) with results 

showed in Fig. 6. 

 

3. Device-level simulation of RT electroluminescence of the broadband metamorphic QD 

layers. 

The proposed multilayer structure (B) was inserted into a realistic p-i-n device to prove its 

capability to produce a broadband emission spectra under electrical pumping at room temperature. 

In particular, the highly doped p- and n-regions are realized by Al0.26Ga0.74As and 

In0.30Al0.5Ga0.20As, lattice matched to the bottom and top layer of structure (B), respectively. 

The device was simulated by exploiting a 1D model that includes a drift-diffusion description of the 

bulk material (i.e. the metamorphic layers embedding each QD layer) and a set of 

phenomenological rate-equations (REs) for the QD carrier dynamics.29,30 This allows to study in a 

rigorous way how, under electrical injection, the QD states are populated taking into account both 

their energy distribution and the effect of the transport of electrons and holes, injected from the 

opposite sides of the junction, through the complex multilayer structure constituting the intrinsic 

region. The detailed description of the modelling approach is reported in Ref.29 and we briefly 

summarize here the most relevant concepts.   
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The REs for the QD layers include the electron and hole capture from the barriers into the WL state 

of each layer and the cascade relaxation process in the excited state (ES) and ground state (GS). 

Since we focus on the modelling at room temperature, the escape from the GS and ES to the higher 

energy states as well as the escape out of the QD layers to the barrier are governed by the thermal 

escape. The inter-sub-band electron and hole dynamics in the QD states are modelled by 

characteristic scattering times (i.e. capture, relaxation time constants). Here we assume that 

electrons and holes are captured in/ escape out of the QDs independently, with a dynamics 

governed by the carrier-carrier scattering with the electrons or holes accumulated in the WL. This is 

indeed the dominant mechanism governing the QD carrier dynamics when the QD layers are 

embedded in a forward biased junction such as in the case of QD lasers and amplifiers.31  We 

assume time constants of the order of few picoseconds or hundreds of femtoseconds.48  

The different electron and hole dynamics can cause a charge imbalance in both the QD layers and in 

the bulk regions; this imbalance is included in the model since the Poisson equation is self-

consistently solved with the bulk drift diffusion equations coupled with the QD rate equations29. 

The potential bending around the central QD layer, for example, is indeed also caused by the excess 

of holes accumulated in the barrier.  

Carrier loss in the QD layers is caused by the spontaneous emission of photons which depends on 

the product of the electron and hole occupation probability in each state; in the bulk carrier loss is 

due to both spontaneous photon emission and Shockley-Read-Hall recombination.   

QD parameters used in the simulations are summarized in Table I, whereas standard material 

parameters are used for the GaAs, InGaAs and InAlGaAs layers. Transport across the 

heterojunctions is modelled according to a graded material approximation.49 
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Table 1. Parameters used for the QD simulations. 

QD Parameters Value 

QD density per layer 1011 cm-2 

Capture and relaxation times for electrons/holes  

Barrier to WL 0.3 ps/ 0.1 ps 

WL to ES 10 ps/ 1 ps 

ES to GS 2 ps/ 1 ps 

Radiative recombination lifetime for GS,ES,WL 1 ns 

 

We show in Fig. 7(a) the calculated band diagram in thermal equilibrium and in Fig. 7(b) the band 

diagram with forward bias of 1V corresponding to a current density of 124 A/cm2. The results in 

Fig. 7b show a quasi-equilibrium condition, maintaned by the thermal coupling among the QD layer 

states (GS,ES and WL) and surrounding bulk states. This is confirmed by several experimental 

results 50,51  at RT and forward bias, where the quasi-thermal distribution is in general observed 

down to about 200K. For the structure analyzed in this paper, this quasi-equilibrium condition is 

broken in the two layers next to the p-side, as the electric field sweeps out the bulk electrons, 

whereas QD electrons, being well confined in the QDs, are still accumulated in the GS and ES. 

After calculating the carrier distribution of the various layers we were then able to simulate the 

electro-luminescence (EL) spectra, starting from the calculation of the spontaneous emission rate. 

This analysis is carried on relying on the rate equation model used to represent the carrier dynamics. 

Although a random population model would be more appropriate to calculate the spontaneous 

emission rate at any temperature, 51 results in Ref.51 show that the rate equation model is a good 

approximation at RT. The spectrum of the spontaneous emission rate reads as: 52  

  

 
Rsp( w) = Csp L( w - e)×r i

e,GS(ei
e,GS)×òiå r i

h,GS(ei
h,GS)×Gi (ei

e,GS)de      (4) 

Where the sum is carried over the QD layers; Csp is a constant that include the transition matrix 

elements and the density of optical mode; the integral accounts for the interplay between the 
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for structures grown on GaAs.55,56 In real structures emission efficiencies might be different for 

each layer due to extrinsic parameters such as QD density and presence of structural defects. Such 

effects have already been studied and methods to compensate for differences in the emission 

intensity have been put forward such as: i) techniques to control and spatially confine MB-related 

defects,18,57 ii) multiple stacks of QDs for layers with lower efficiencies, iii) more complex grading 

profiles allowing for a better control of linear defect spatial confinement.34  

We foresee that even more advanced engineering possibilities exist, as many parameters are 

available such as: i) the increase of composition x or the use of MB with different materials to 

extend wavelength of operation: QDs grown on InxGa1-xAs buffers with x > 0.40 have already been 

reported,10,13,14 as long as on metamorphic buffers based on GaAsSb;58,59 ii) different designs of 

graded buffers are possible to spatially control structural defect;34,60,61 iii) change in parameters such 

as density and dimensions of QDs could improve emission efficiencies and/or wavelength 

tuning.42,62 

By  inserting InAs QDs into layers of a step-graded metamorphic InxGa1-xAs buffer, it is possible to 

obtain a semiconductor structure emitting light in the infrared range (1.0 - 1.7 µm) with a broad 

spectrum. By using the TiberCAD software we carried on model calculations of the QD levels 

considering realistic material parameters, taking in account the effect of strain on all relevant 

parameters (QD-MB lattice mismatch, band gaps, electron effective masses, band offsets) and 

validating the model with experimental emission energies. Model results agree within 20 meV with 

experimental values for all range of In composition x and also for structures with additional InyAl1-

yAs barriers, used to increase carrier confinement in QDs. 

The actual potential of the designed metamorphic material for the realization of an electrically 

pumped broadband light source is analysed by exploiting a 1D drift-diffusion model coupled to a 

set of phenomenological rate equations describing the QD carrier dynamics. Thus, the predicted QD 

populations and the associated EL spectrum take into account both the QD energy distribution and 

the effect of the multiple barrier layers on current flow. By simulating a symmetric energy profile 
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quasi-Fermi levels of electrons and holes are indicated with dashed lines for the bulk and with 

circles for the QD GS.  

 

Fig. 8. EL spectrum at different injection conditions. Dashed lines show the contribution of each 

QD metamorphic layer for the 1.2 V biasing condition. 

 

Fig. 9. Ground State occupation probability of holes (left) and electrons (right) in the various QD 

layers increasing bias voltage; the QD layer position on x-axis is the same as in Fig. 7. Dashed lines 

are guide to the eye. 
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