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The structural and morphological features of bimodal-sized InAs/(In)GaAs quantum dots with

density in the low 109 cm�2 range were analyzed with transmission electron microscopy and atomic

force microscopy and were related to their optical properties, investigated with photoluminescence

and time-resolved photoluminescence. We show that only the family of small quantum dots (QDs)

is able to emit narrow photoluminescence peaks characteristic of single-QD spectra; while the

behavior of large QDs is attributed to large strain fields that may induce defects affecting their

optical properties, decreasing the optical intensity and broadening the homogeneous linewidth.

Then, by using a rate-equation model for the exciton recombination dynamics, we show that thermal

population of dark states is inhibited in both QD families capped by high In content InGaAs layers.

We discuss this behavior in terms of alloy disorder and increased density of point defects in the

InGaAs pseudomorphic layer. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4805351]

I. INTRODUCTION

In recent years, the research on self-assembled semicon-

ductor quantum dots (QDs) led to results of extreme interest

from both fundamental and applied points of view; the quan-

tum information field, in particular, has identified III-V semi-

conductor QDs as practical candidates for the realization of

single-photon sources at telecom wavelengths.1–3 InAs/GaAs

structures with a few QDs/lm2 and emission at 1.3 lm

have been successfully prepared by using epitaxial growth

conditions that result in large cation migration length4–6 and

by growing pseudomorphic InGaAs upper confining layer

(UCL) on top of the QDs.6,7 A complete picture of QD prop-

erties in this type of structures is necessary in order to cor-

rectly describe carrier dynamics that strongly depends on

peculiar characteristics of the structures such as the energy

of excited states and wetting layer (WL),8 the presence of

defects and non-radiative recombination centers9,10 and also

the existence of bimodal QD size distributions.11 The results

of this work, concerning the use of high lattice-mismatched

UCL, are of interest also for the realization of structures that

employ complex capping layers to engineer the properties of

QDs, such as infrared photodetectors12 and QDs in a well

structures.13,14

In this work, we present the study of morphological,

structural, and optical properties of bimodal-sized InAs QDs

deposited by Molecular Beam Epitaxy (MBE) at low growth

rate and high growth temperature and capped with InGaAs

UCLs.6 Four samples with different In contents in the barrier

(x¼ 0, 0.1, 0.2, and 0.3) were analysed in order to establish

the influence of this parameter on the behavior of QDs. To

this purpose, the optical properties of the structures were

studied by means of photoluminescence (PL), micro-

photoluminescence (lPL), and time-resolved PL (TRPL),

and were correlated to their structural and morphological

properties, investigated with Transmission Electron

Microscopy (TEM) and Atomic Force Microscopy (AFM). It

has already been shown that the In content in the barrier has

a direct influence on the emission properties of QDs, such as

the emission energy and the energy barrier for thermal

escape of confined carriers.6,8 In this paper, it is demon-

strated that, when the In concentration in pseudomorphic

UCLs increases above a certain threshold (x� 0.20), the

exciton dynamics changes in a way that is consistent with

the introduction of non-radiative recombination centres in

the UCL. In addition, when lPL characterization was per-

formed on the samples, it was possible to discriminate some

narrow peaks associated to single QD emission only in the

high energy band (corresponding to small QDs). This indi-

cates that the low energy emission is influenced by the pres-

ence of defects, which may be related to large strain fields

present in large QDs. Such strain-related defects provokes

the broadening of the homogeneous linewidth15 preventing

the presence of narrow lines in this range of energies. These

results are of particular interest for the realization of single

photon emitters at telecom wavelengths based on this sort of

QDs.6,7,16,17

Finally, a model of carrier dynamics that takes into

account the distribution of QD energy levels and the influ-

ence of the In content in the UCL is proposed. PL as a func-

tion of temperature exhibits two decay channels whose

activation energies are correlated to the In content in the bar-

rier alloy. In addition, the simulations explain the observed

increase of the recombination time with temperature by con-

sidering the participation of dark states in the exciton recom-

bination dynamics.a)Electronic mail: trevisi@imem.cnr.it
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II. EXPERIMENTAL

The structures were prepared by MBE on semi-insulating

(100)-oriented GaAs substrates: QDs were grown on a 100 nm

GaAs buffer deposited at 600 �C and consist of 2.0 ML of

InAs grown at 0.01 ML/s at a growth temperature of 520 �C.

The QD layer is capped with a 10 nm-thick InxGa1�xAs UCL

and a 10 nm-thick GaAs cap layer, both grown by Atomic

Layer MBE (ALMBE) at 360 �C. The nominal In content of

UCL in different structures is x¼ 0, 0.1, 0.2, and 0.3. Contact

mode AFM measurements were performed on uncapped struc-

tures to evaluate the density and morphology of QDs.

Scanning TEM (STEM) experiments have been performed

using a JEOL 2200FS with SFEG emitter operated at

200 keV. The detection angle has been varied systematically

to produce two kinds of detection condition, namely, at low

and high angle annular dark field (ADF). The high angle ADF

finds a larger application in compositional analysis but this in-

formation is somehow mixed with strain effect.18,19 Here, we

use the low angle detection range (LAADF), which is more

sensitive to the strain than to the chemical information; the

corresponding range is 30< 2h< 84 mrad. For ensemble QD

optical measurements samples were held in a cold finger of a

closed-cycle He cryostat, which can be cooled down to 10 K.

PL was measured by using a Ti:sapphire mode locked laser at

a wavelength of 780 nm. Excitation was fixed to 58 mW/cm2

and 1.46 W/cm2 for low and high power conditions, respec-

tively. The lPL experiments were carried out at 4 K using a

confocal microscope (Attocube system) to focus the

Ti:sapphire laser spot on the sample surface and to collect the

lPL signal with a single-mode fiber. In both cases, the signal

was dispersed by a double 0.3 m focal length grating spectro-

graph and detected with a back illuminated InGaAs CCD.

TRPL experiments have been carried out with the Ti:sapphire

laser in pulsed mode operation (pulse width 2ps and 76 MHz

of repetition rate) at the same wavelength. In this case, the

emitted signal is collected by an InGaAs avalanche photo-

diode connected to a time correlated single photon counting

electronics. The overall time resolution of the system was

estimated to be around 400 ps.

III. EXPERIMENTAL RESULTS

Fig. 1(a) is a top-view AFM micrograph showing the to-

pographical features of uncapped QDs. The estimated

surface dot density is 4–5 � 109 cm�2. QD height and diam-

eter distributions were extracted by statistical analysis per-

formed on large area AFM images, by taking into account

dot-tip convolution effects to correct the widening of meas-

ured base diameter sizes.

The histogram of QD heights in Fig. 1(c), obtained from

the analysis of Fig. 1(a), indicates that the QD ensemble

exhibits a size distribution: the fitted peak positions, related

to the more frequent dot height values, are (6.8 6 1.5) nm

and (9.5 6 1.5) nm, respectively, while comparable mean

base diameters of (25.2 6 2.5) nm are found for both QD

families. The two gaussian curves displayed in Fig. 1(c)

have similar relative intensity corresponding to similar den-

sity of the two main dot distributions. These results nicely

agree with the angle-mapped AFM image displayed in Fig.

1(b), obtained by calculating the surface gradient of height at

each point of Fig. 1(a). The grey-scale of Fig. 1(b) is related

to the modulus of the surface gradient and shows the local

surface slope with respect to the (100)-substrate surface, so

that darker regions correspond to steeper facets. This image

highlights the existence of at least two QD families that give

rise to different contrast, then two different QD morpholo-

gies characterized by different slopes of lateral facets should

exist.20,21 Given the high growth temperature and low

growth rate used, the observed bimodal distribution of QD

size is consistent with the coexistence of different QD shapes

explained in the frame of equilibrium energy theories.22

Additional information regarding QD size after the com-

plete growth of the structure has been extracted by analysing

plan view TEM images: Fig. 2 shows a LAADF image of

QDs capped with In0.30Ga0.70As UCL. This technique is suit-

able to measure the QD diameter, as demonstrated in

Ref. 23. By following the approach of Grillo et al.18,19 the

LAADF intensity turns out to be proportional to the curva-

ture of the atomic column that, in a QD, is maximum at the

QD periphery. The presence of QD compositional gradients,

due to In segregation and In-Ga intermixing, could give rise

to an ambiguity in the definition of the exact spatial limits of

the QD. In such case the region of maximum curvature could

be shifted in proximity of the maximum compositional

change. However, in the present case, the cross sectional

TEM and scanning TEM measurements indicate that most of

the compositional change is concentrated in the proximity to

the interfaces,24 that we define as the “metallurgic” interface,

FIG. 1. (a) 2 lm� 2 lm topographical AFM image, (b) 2 lm� 2 lm angle-mapped AFM image, in which the gray scale is related to the local surface slope,

and (c) histogram of the QD height distribution of uncapped InAs/GaAs QDs.
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making the above image interpretation more reliable. This

observation can be used to estimate with high precision the

base diameter of capped QDs, being in the range between 25

and 30 nm.

We note here that these data, obtained with the LAADF

technique on capped InAs QDs, are in very good agreement

with the estimated QD base-diameter extracted from the

AFM images of uncapped QDs. This suggests that the cap-

ping procedure, consisting in a low-temperature ALMBE

deposition of an (In)GaAs UCL, essentially preserves the

QD morphology. The structural characterization revealed

also that less than 1% of QDs is relaxed, that is a very small

fraction as compared to QD structures grown under similar

conditions.16 On the other hand, we recall here that InGaAs

UCLs are not relaxed, also for the higher In content, in

accordance with the previous results obtained by X-ray dif-

fraction reciprocal space mapping.25

Fig. 3 shows PL spectra of the samples at 13 K; all sam-

ples exhibit a bimodal energy distribution that can be decon-

voluted into two gaussian curves. They should certainly arise

from exciton recombination at the ground states (GS) of two

different families of QDs, in agreement with the existence of

the bimodal QD height distribution evidenced by AFM

measurements (Fig. 1). When increasing the excitation

power density, we observe the appearance of additional PL

peaks at higher energies than those of the GS (shown in

Fig. 3(d) for the x¼ 0.30 structure) that can be attributed to

the excited state emission.

The PL peak energies of both QD families shift towards

longer wavelengths by increasing the In content in the UCL,

thus, leading to the achievement of 1.33 lm emission

wavelength at low temperature (T) for the structure with

In0.30Ga0.70As UCL.6 Each PL spectrum of Fig. 3 reveals

also a narrow and weaker peak at high energies that can be

related to the In(Ga)As WL for the structure with GaAs

UCL, or to a combined WL-quantum well (QW) state for the

InAs/InxGa1�xAs UCL structures. By increasing the In con-

tent, the WL-QW emission energy redshifts from 1.43 to

1.20 eV, while the full width at half maximum (FWHM) is

almost constant at 7 meV for x� 0.20 and then raises up to

11 meV for the structure with x¼ 0.30. In Ref. 25, we stud-

ied the structural and optical properties of WLs and QWs of

these structures and we showed that, while for low In

contents, the heavy hole wavefunction is confined close to

the lower GaAs/InGaAs interface, for the x¼ 0.30 structure,

both the electron and hole wavefunctions are delocalized

over the entire UCL. As a consequence, we can infer that the

presence of compositionally graded interfaces and alloy dis-

order in the UCL, which increase with In content,26 should

have a greater influence on the x¼ 0.30 structure than on the

other ones. Then, this is a possible explanation for the

increase of the WL-QW emission linewidth.

PL emission energies and FWHM of QD families were

studied as a function of T in the 10–300 K range, as shown

for the structure with nominal x¼ 0.20 in Fig. 4. For all sam-

ples, the higher-lying ground state energy level (QD2) is

characterized by the so-called “sigmoidal behavior” and the

related FWHM (FWHMQD2) has a large value at low T (in

the 70–110 meV range) that decreases with increasing T.

According to the literature,27–30 this behavior results from

the thermally activated transfer of carriers from higher-lying

QD energy levels towards lower-lying ones and is typical of

QD ensembles characterized by large size distributions. On

the other hand, the lower-lying ground state energy level

(QD1) does not show such behavior and the related FWHM

(FWHMQD1) slightly changes with increasing T. These

FIG. 2. Experimental LAADF image of InAs QDs capped with In0.30Ga0.70As

UCL.

FIG. 3. Normalized PL spectra of QD structures acquired at 13 K under low

excitation power density (black dots) and high excitation power density

(purple line); the nominal In content in the UCL is: (a) x¼ 0, (b) x¼ 0.10,

(c) x¼ 0.20, (d) x¼ 0.30. PL spectra at low excitation power density are fit-

ted with a double-gaussian profile; single gaussian curves labeled as QD1

and QD2 associated to two different QD families are also shown (red contin-

uous lines and blue dashed lines, respectively). The arrows indicate the WL

(or WL-QW) emission.
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observations, together with the fact that all the structures

have a FWHMQD1 in the 20–30 meV range, suggest that the

large-sized QD family has a reduced size dispersion. This

may depend on the fact that large-sized QDs are character-

ized by higher strain fields that, affecting the attachment/

detachment of In adatoms to the island edges, favor the so-

called size-limiting effect.31 On the other hand, large strain

fields also promote the nucleation of structural defects32 that

could influence the emission properties of QDs.8 A similar

finding can be deduced by the analysis of lPL spectra of the

structures. Fig. 5 compares ensemble and lPL spectra of

samples with x¼ 0.1 and x¼ 0.3 (the others are similar to

the x¼ 0.1 spectrum). Although the QD density is not low

enough to see well separated narrow PL lines characteristic

of single QD emission, it is possible to distinguish some of

them over a background following the high energy PL band.

However, the low energy PL band presents similar spectra in

ensemble and lPL measurements without narrow peaks,

indicating that the family of large-sized QDs can be influ-

enced by the presence of defects or impurities. This can be

related to what was observed on very low-density QDs

grown on InGaAs metamorphic buffers:15 while single QDs

grown on low-In content buffers exhibited typical narrow

exciton peaks, those grown on In-rich layers (x¼ 0.30)

exhibited broader single QD excitonic lines. This broadening

was attributed to spectral diffusion by impurities or structural

defects,33,34 whose density increases by increasing the In

content of the metamorphic buffer.35

TRPL for QD1 and QD2 was measured in the four sam-

ples as function of T, where recombination times (sd) were

obtained by fitting the experimental PL transients to single ex-

ponential decays, as shown in Fig. 6 for QD1 and QD2 in the

sample with x¼ 0.30 at 13 K. Other samples show similar

mono-exponential decay curves whose characteristic recombi-

nation times will vary with temperature, as described below.

Figs. 7 and 8 show the Arrhenius plot of the integrated

PL (a) and recombination time (b) for the two GS bands in

the four samples measured under relatively low power exci-

tation conditions. Symbols correspond to experimental data

and the red straight lines to the simulation obtained with the

model presented below. Given that at low T the integrated

PL intensity is constant, data are depicted from 50 K to

300 K in order to better illustrate exciton decay at intermedi-

ate and high T. In all cases, the integrated PL presents the

same behavior with three different regions: a low T region

where the intensity is approximately constant (13–90 K), a

weak decrease at middle T (90–210 K), and a sharp decrease

at high T (220–300 K). This sharp PL quenching starts at rel-

atively high T (about 220 K) in all the structures, suggesting

that InGaAs UCLs provide good carrier confinement even at

high In content. The observed Arrhenius dependence would

be accounted for by two activation energies, as commonly

observed in similar QD structures.26,36–39 The sharp decrease

of the PL intensity corresponds to a large activation energy

(200–400 meV) that depends on the barrier composition (see

Tables I and II); the energy difference is consistent with the

thermionic electron-hole escape from QD to the WL/WL-

QW (for UCL structures).

The smooth decrease of the integrated PL intensity at in-

termediate T can be fitted with a smaller activation energy

FIG. 4. Peak energies (full symbols) and FWHM (open symbols) of the

QD1 and QD2 PL gaussian components as a function of temperature in InAs

QDs capped with In0.2Ga0.8As UCL. The Varshni shift of the InAs energy

gap (dashed lines) is included for comparison.

FIG. 5. Ensemble and lPL characterization of samples with x¼ 0.3 and

x¼ 0.1. Red and blue arrows indicate QD1 and QD2 peak energies,

respectively.

FIG. 6. PL decay curves (dot symbols) at 13 K for QD1 and QD2 families in

the x¼ 0.30 sample. The red straight line corresponds to a monoexponential

fit by taking into account the temporal response of the system, as obtained

by measuring the laser pulses through the experimental setup (grey-shaded

transients).
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(20–80 meV) that does not depend critically on the barrier

composition. This behavior has been already observed in

similar structures and it has been justified by different

hypotheses including resonant energy levels between differ-

ent families,40 losses of carriers from the WL to the

GaAs,26,36 losses within the barrier itself,38,39 or losses

related to defects.8,11,37 With the exception of the structure

with x¼ 0.30, three regions can be distinguished in the tem-

perature variation of the recombination time in all samples

for QD1 (Fig. 7(b)) and QD2 (Fig. 8(b)) families:

(i) Low-T range (13–50 K, where the PL decay time is

practically constant and hence mainly radiative

(thermionic losses should be considered negligible).

(ii) Mid-T range (50–220 K), where an increase of sd is

observed until reaching a maximum value at around

200–220 K, whose origin will be discussed below.

(iii) High-T range (220–300 K), where the observed

decrease of sd is attributed to thermionic losses.28

The observed increase in sd in the mid-T range is char-

acterized by an activation energy between 20 and 80 meV, as

FIG. 7. Arrhenius plots of the integrated PL (a) and the recombination time (b) of the fundamental state QD1 in the four samples. Symbols correspond to the

experimental data and straight lines to the simulation.

FIG. 8. Arrhenius plots of the integrated PL (a) and the recombination time (b) of the fundamental state QD2 in the four samples. Symbols correspond to the

experimental data and straight lines to the simulation.

TABLE I. QD1 fitting parameters.

Ea (meV) Integrated PL TRPL

Sample Ea1 Ea2 A a1 a2 sd (ns) a3 g2

In¼ 0 395 40 1.4 � 104 7.2 � 108 25 0.4 9 � 106 10

In¼ 0.1 355 40 2.2 � 104 1.4 � 108 38 0.7 1.4 � 107 13

In¼ 0.2 330 40 4 � 104 2.2 � 107 5 1.1 1 � 105 10

In¼ 0.3 270 40 2.8 � 104 8 � 106 24 1.1 3 � 105 1

TABLE II. QD2 fitting parameters.

Ea (meV) Integrated PL TRPL

Sample Ea1 Ea2 A a1 a2 sd (ns) a3 g2

In¼ 0 339 40 2 � 104 5 � 108 35 0.35 5 � 106 15

In¼ 0.1 288 40 11.6 � 104 5 � 107 30 0.5 1 � 106 9

In¼ 0.2 265 40 12 � 104 5.5 � 106 27.5 0.55 1 � 105 5

In¼ 0.3 210 40 4 � 104 2 � 106 30 0.65 3 � 104 0.1
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in other similar nanostructures,41,42 InAs/GaAs self-

assembled QDs43,44 and quantum ring nanostructures.45,46

The origin of this behavior has been attributed to a thermally

induced population of dark excitons;44,45 where transitions

pe-se (or ph-sh), initially forbidden, becomes allowed due to

thermal transfer.47 Comparing the Arrhenius plots for PL in-

tensity and sd in each sample, one can observe that the main

PL quenching mechanism starts at the same mid-T range and

very close activation energies are deduced for each UCL

composition. Moreover, the fact that both QD1 and QD2

families exhibit the same behavior (Figs. 7 and 8) suggests

that the same mechanism would apply in both families.

IV. MODEL FOR EXCITON RECOMBINATION
DYNAMICS

In order to give support of our qualitative interpretation of

the results in the last section, we propose here a recombination

kinetic model depicted in Fig. 9. As it has been proposed in

Ref. 28, excitons are photogenerated in the WL at a rate G,

where they can recombine with a time constant sWL (effective

decay time accounting for radiative and non-radiative proc-

esses) or they can be captured into QDs with a time constant

sQD. Excitons confined in the QDs can recombine radiatively

with the time constant sd (associated to the experimental

recombination time) or can be activated by thermionic emis-

sion to the WL states, a mechanism represented by the time

s�QD. These assumptions are usually considered to model car-

rier dynamics and thermal escape in InAs/GaAs self assembled

QDs,28 annealed InAs/GaAs QDs,36 QDs in a barrier.26

Finally, it is possible to represent the exchange of carriers

between the GS and the dark state (DS) by the time constants

s*O and sO, respectively, including the eventual thermionic

emission from the DS to the WL through the time sDS.45

Therefore, the exciton recombination dynamics in our QDs

can be described by the following coupled rate equations:

dNWL

dt
¼ �NWL

sWL
� NWL

sQD
þ NQD

s�QD

þ NDS

sDS
þ G; (1)

dNDS

dt
¼ �NDS

sDS
� NDS

sO
þ NQD

s�O
; (2)

dNQD

dt
¼ �NQD

sR
� NQD

s�QD

� NQD

s�O
þ NDS

sO
þ NWL

sQD
; (3)

where NWL, NDS, and NQD are exciton populations at the wet-

ting layer, dark state, and quantum dot ground state, respec-

tively. The time constants marked by “*” are related to

capture times (sQD and sO) multiplied by the corresponding

Maxwell-Boltzmann thermal factor45

s�QD ¼
sQD

g1

exp EWL�QD

�
KT

� �
; (4)

s�O ¼
sO

g2

exp EDS�QD

�
KT

� �
; (5)

where g1 and g2 are constants related to the degeneracy of

GS and DS, respectively, and EWL�QD and EDS�QD are

defined as the activation energies between the quantum dot

GS and the wetting layer and between the GS and the DS.

Using Eqs. (3)–(5) in steady state conditions, the integrated

PL intensity is found to be

I¼G
s�1

QD

s�1
QDþ s�1

WL

1þ
s�1

QD g1

s�1
d

s�1
QD

s�1
QDþ s�1

WL

exp �EWL�QD

�
KT

� �"

þ s�1
O g2

s�1
d

s�1
DS

s�1
DS þ s�1

O

s�1
WL

s�1
QDþ s�1

WL

exp �EDS�QD

�
KT

� �#�1

:

(6)

This equation can be written in the form:

I¼ A

1þa1exp �EWL�QD

�
KT

� �
þa2 exp �EDS�QD

�
KT

� � ; (7)

where A, a1, and a2 are fitting constants, and EWL�QD and

EDS�QD are the activation energies corresponding to losses

from the GS to the WL and DS.

Following the approximation proposed in Ref. 45, if

NWL is neglected and one assumes NQD proportional to

exp(�t/sd), the effective PL decay time can be written as

sd ¼
sdð13KÞ 1þ g2 exp �EDS�QD

�
KT

� �� �
1þ sdð13KÞ g1

sQD
exp �EWL�QD

�
KT

� �
þ g2

sDS
exp �EDS�QD

�
KT

� �h i : (8)

Given that the PL decay time contains radiative and non radiative contributions44

1

sd
¼ 1

sR
þ 1

sNR
; (9)

FIG. 9. State diagram proposed to interpret the observed exciton recombina-

tion dynamics. Different processes involving the capture, excitation and

recombination of carriers in the WL, DS, and GS of QD are indicated by red

arrows.
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where sR corresponds to the radiative time, approximately

equal to the measured value sd(13 K), and sNR to the non-

radiative time (mainly determined by the thermionic emis-

sion of carriers towards the WL)

sR ¼ sdð13KÞ 1þ g2 exp �EDS�QD

�
KT

� �� �
; (10)

sNR ¼
1þ g2 exp �EDS�QD

�
KT

� �� �
g1

sQD
exp �EWL�QD

�
KT

� �
þ g2

sDS
exp �EDS�QD

�
KT

� �h i :
(11)

According to Eq. (10), the presence of dark states causes

an increase of sR when T increases with an activation energy

equal to the difference between the ground and dark states.

In principle, one can assume that sDS is very long as com-

pared to the other time constants and the effective PL decay

time can be approximated by

sd ¼
sdð13KÞ 1þ g2 exp �EDS�QD

�
KT

� �� �
1þ sdð13KÞ g1

sQD
exp �EWL�QD

�
KT

� � : (12)

The two activation energies appearing in Eqs. (7) and

(12) should be consistent with the experimental T depend-

ence found for both the integrated PL intensity and the

exciton recombination time shown in Figs. 7 and 8, where

continuous lines stand for the best fits. It is interesting to

point out that the model works for the four samples in both

the PL and the TRPL simulations. The first activation energy

is related to the main carrier loss mechanism in QDs, the

thermionic emission of carriers towards the WL, and it

has been fixed to the value measured by PL spectroscopy

(Fig. 3) of the energy difference between the two states

(Ea1¼EWL�EQD) in each sample. The second activation

energy is related to the DS and is used as a fitting parameter.

This energy can oscillate between 20 and 80 meV and a

value of 40 6 10 meV has been chosen for fitting/simulating

curves in Figs. 7 and 8. The difference between the pe-ph and

se-sh optical transitions in the PL spectrum was around

70 meV. Thus, taking in account that separation in electron

states is higher than in hole ones, the dark exciton, corre-

sponding to the energy separation pe-se (or ph-sh),45 should

be higher than half of this value, and hence 40 meV is a rea-

sonable value for the energy difference. Tables I and II sum-

marize the fitting parameters, were a3 is given by

a3 �
sdð13KÞ

sQD
g1: (13)

The weights a1 and a3 have the same order of magnitude

(in general, 	105–106) and are related to the thermionic

electron-hole escape from QD to the WL. The weights a2

and g2 have the same order of magnitude (	10) as well and

are related to the first activation energy in the PL and to the

increase of the recombination time. The second one seems to

decrease with the indium composition in the UCL.

The agreement is reasonable in samples with low indium

content (x¼ 0–0.1), where a clear increase of sd is observed.

In samples with high In content (0.2–0.3), a more complicate

(sigmoidal) behavior is observed for sd in the same T region

of interest (below 200 K). A similar dependence has been

found in Ref. 44 for InAs/GaAs QDs grown in p-doped sam-

ples; in this case, the behavior was attributed to holes escap-

ing from charged QDs. In our case, since both QD1 and QD2

families exhibit this behavior, we can conclude that it does

not depend on peculiar features of QDs but it should rather

depend on the characteristics of the high In content UCL.

The dependence shown in Figs. 7 and 8 for samples with

high In content could be attributed to the presence of non-

radiative recombination centers related to compositionally

graded interfaces and alloy disorder in the high In-content

InGaAs UCL.38 Recently, it has been shown that the forma-

tion energy of point defects such as As vacancies into

InxGa1�xAs alloys strongly depends on x, and is almost max-

imum when x is larger than 0.25.48 This observation is in

agreement with the linewidth increase of the WL-QW emis-

sion observed for the x¼ 0.30 structure.

V. CONCLUSIONS

QD structures of interest for the realization of single pho-

ton sources emitting at telecom wavelengths were prepared

by MBE, consisting in InAs QDs capped by In(Ga)As pseu-

domorphic UCLs with different In contents. All the structures

showed the presence of bimodal-sized QDs that give rise to

the observed double-PL band spectra. The lPL experiments

only showed narrow peaks characteristic of single QD emis-

sion (homogeneously broadened) for the high-energy emit-

ting QD family (QD2). This observation can be connected to

the fact that large QDs are subjected to the presence of high

strain fields and that their emission may be affected by the

presence of defects associated to them that can broaden the

excitonic optical transitions; in fact, independently of x, a

small fraction of QDs are relaxed. Both QD families exhib-

ited the same PL temperature dependence, with a fast and a

slow decay mechanism; the first one has been related to the

escape of carriers from the QDs to the WL-QW energy level,

and the second one has been attributed to the presence of DS,

as suggested by TRPL characterization. In order to interpret

the observed exciton recombination dynamics, we developed

a rate-equation model that takes into account the thermal pop-

ulation of dark states; the model well described the observed

PL and TRPL behaviors in nanostructures with In content

x< 0.20, while the high In content structures (x¼ 0.30)

showed a more complex sd thermal dependence. This sug-

gested that the increase of In content above the x¼ 0.20

threshold in the UCL may lead to the formation of non-

radiative recombination centers that hinders the relaxation

mechanism through the dark state population, even when

plastic relaxation of the UCL is not reached.

These results will be very valuable for the advanced

design of single photon sources based on InAs/InGaAs QD

structures that can emit in the 1.3 lm telecom window.
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