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Abstract 

We report an investigation of carrier dynamics in multi-layer of p-doped InAs 
quantum dots (QDs) structure grown by molecular beam epitaxy on GaAs (001) 
substrate. We have studied the temperature effect, the density of excitation, and 
the detection’s wavelength effects on the decay time of the photo-generated 
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carrier. The decay time, the full width at half maximum, and the integrated 
photoluminescence intensity behaviours show three domains of temperature 
dependence. These domains are related to the carrier transfer processes 
between distributions of QDs of the same layer. It is shown that, at low 
temperature, the transfer is mainly ensured by tunneling, where the 
recombination process is found to be pure radiative. At the intermediate 
temperature, there is a competition between radiative and non-radiative 
recombination processes. And for high temperature, the transfer is assisted by 
the thermal activation and recombination is purely non-radiative. 

1. Introduction 

The growing need for high performance of optoelectronic devices 
promotes an important interest for zero-dimensional semi-conductor 
hetero structures. In these systems, the strong localization of the carrier 
wave function leads to an atomic-like electronic density of states. This 
property leads to the possible development and realization of novel and 
improved photonic and electronic devices [1]. Many properties had been 
optimized depending on the appropriate application. These properties are 
related to the stacking and vertically alignment of quantum dots for 
quantum computing [2], to the doping control for infrared detectors [3], 
lateral coupling for solar cells and tunneling diode, … etc. Recently, 
modulation p-doped self assembled quantum dots (QDs) have found 
important applications, such as infrared detectors [3], single electron 
transistors [4], memory devices [5], and lasers. Especially, for p-doped 
laser’s structures, a better temperature characteristics and high-speed 
properties have been reported. The first feature is attributed to opposing 
the effect of a thermal smearing of holes in closely spaced levels [6]. The 
second feature is that, the high-speed characteristics of QDs lasers are 
known to be significantly affected by carrier capture and relaxation. In 
doped QD structures, the presence of built-in carriers should alter the 
dynamics and lead to an enhancement carrier relaxation rate. 

Due to these potential applications, several studies of carriers’ 
dynamics in modulation-doped QD structures have been reported.  
Siegert et al. [7] had studied the photo excited carrier dynamics in n and 
p modulation-doped InAs QDs by time-resolved photoluminescence 
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spectroscopy. For the doped samples, the presence of built-in carriers in 
the dots leads to an efficient electron-hole scattering, whereas in the 
undoped structure, scattering by phonons is identified as the main 
relaxation channel. They also showed a decreased of the carrier lifetimes 
in the doped structures, which is attributed to non-radiative 
recombination centers related to the dopant. From resonant 
photoluminescence experiments, Guasch et al. [8] concluded completely 
on different relaxation mechanisms for doped and undoped structures. 
The time resolved photoluminescence (RTPL) studies on both n and          
p-doped dots were reported by Gündoğdu et al. [9]. Carrier relaxation in 
these structures was found to be extremely fast, especially in the p-doped 
sample, which is attributed to the efficient of electron-hole scattering 
[10]. However, authors had studied only the carrier transfer from the 
barrier to the ground state of the dots without addressing details of the 
carrier transfer between QDs them self and its effect on the PL decay. 
Till now, the recombination paths and relaxations processes are not clear 
in QDs structures. Thus, more investigation of to understand the carriers 
dynamics in modulation p-doped QDs structure is of an importance. 

To understand the electronic dynamics in InAs QDs, we have 
investigated the time resolved photoluminescence of a p-doped quantum 
dots stacked structure. In this paper, we will present the temperature 
effect on the optical properties of stacked p-QDs. The density of excitation 
and the detection wavelength effects on the decay time will be presented 
and discussed. The decay time, the full width at half maximum, and the 
integrated photoluminescence intensity behaviours show three domains 
of temperature dependence. These domains are related to the carrier 
transfer processes between distributions of QDs. It is shown that, at low 
temperature, the transfer is mainly ensured by tunneling and the 
recombination is pure radiative. For the intermediate temperature, there 
is a competition between radiative and non-radiative recombination, 
whereas for high temperature the transfer is assisted by the thermal 
activation and recombination is purely non-radiative. 
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2. Sample Design and Experimental Set-Up 

The sample was grown by molecular beam epitaxy on a GaAs (001)  
substrate [11]. It is constituted of 30 planes of self-assembled InAs QDs, 
separated by 38nm thick GaAs spacer layers. The QD surface density is 

estimated to be .cm10 210 −  The structure was p-modulation doped by 
carbon. A delta-doped layer is introduced in each spacer at 2nm below the 

QDs with a nominal density of .cm102 211 −×  

For the continuous wavelength photoluminescence (cw-PL) 
measurements, the sample is excited by the 514.5nm line of an Ar+ laser 
and the emission is detected by an In GaAs photodetector using a 
conventional lock-in technique. TRPL measurements were performed by 
using a mode-locked Ti:sapphire laser with a duration pulses of 3.5ps and 
a repetition rate of 80MHz operating at 780nm. TRPL detections were 
performed by using a Time Correlated Single Photon Counting (TCSPC) 
technique based on the Time Harp 200 electronic card from Pico Quant. 
For all measurements, the sample is mounted on the cold finger of a 
closed-cycle helium cryostat (10-300K). 

3. Results and Discussions 

The low temperature, 10K, cw-PL spectrum of the InAs QDs, 
measured at lower excitation power density is shown in Figure 1. The 
emission peak is located at 928nm (1.329eV) with a full width at half 
maximum (FWHM) of 28meV. No significant change in the peak’s shape 
is observed versus the density of excitation. 
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Figure 1. Normalized PL spectra of InAs QDs measured at 10K and at 

an excitation density of .cm/W5 2  

The integrated cw-PL intensity as a function of the temperature is 
plotted in Figure 2 and no remarkable change can be observed up to 
100K. This is due to the fact that thermal energy is not large enough to 
eject carriers outside all quantum dots. This behaviour could be 
attributed to an effectual carrier transfer from smaller to larger dots via 
the tunneling path [12, 13]. By further increasing temperature, a 
decrease of the PL intensity is observed. This effect is due to the thermal 
activation of carriers localized in QDs to the wetting layer and barrier. 



Z. ZAABOUB et al. 6

 

Figure 2. Integrated PL intensity as a function of temperature, measured 

at an excitation density of .cm/W5 2  

Figure 3 shows the temperature dependence of the PL peak energies 
(Figure 3(a)) and the full width at half maximum (Figure 3(b)). In these 
figures mainly two temperature domains are observed. For temperature 
less than 100K, the PL peak energy shift is well fitted by a Varshni law 
with a red shift of 18meV. By the same occasion the FWHM shows a 
minimum, located at 60K. This is due to, an effective thermal 
redistribution of carrier among different QDs distributions [14, 15]. For 
temperature higher than 100K, the FWHM shows a continuous increase 
[16, 17]. This behaviour is attributed to the thermal activation of carriers 
outside of the QDs toward wetting layer and/or GaAs barrier and 
interaction with phonons. This increase in the FWHM is accompanied by 
a second red shift of the PL emission energy (Figure 3(a)) also is fitted by 
a new Varshni curve. The kink in the experimental data, located nearly 
at 100K, and separating the two Varshni domains, is a signature of the 
existence of two QD’s distributions. 
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Figure 3. Temperature dependence of: (a) the PL peak emission 
energies, the solid curves are the theoretical Varshni’s fit and (b) the full 
width at half maximum (FWHM). 
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The temperature dependence of the cw-PL peak positions and its 
integrated intensity provide the evidence that the carriers in QDs are 
strongly localized at temperatures up to 100K. To better understand 
these observed effects, further studies by time-resolved photoluminescence 
spectroscopy had been carried out, and presented in the next section. 

Carrier lifetimes as a function of temperature were investigated in 
order to understand the carrier dynamics and recombination processes in 
the InAs QDs. Figure 4(a) shows the PL decay time, measured at the 
maximum of the PL peak, as function of the sample temperature, for a 

density of excitation about .cmj440 2−µ  It can be seen that the PL decay 

time decreases quickly from 1.32ns to 0.700ns with increasing 
temperature from 10K to 100K. This variation corresponds to a ratio of 
6.8ps/K. By further increasing the temperature, no remarkable change in 
the decay time is observed until 200K. For temperature higher than 
200K, a slow decrease with a ratio of 0.7ps/K can be observed. 
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Figure 4. Temperature dependence of: (a) the PL decay time measured 
at the PL peak emission (928nm) and (b) the radiative and non-radiative 
lifetimes calculated from Equation (1) and Equation (2). 
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However, similar study of temperature dependence of the PL decay 
time profiles has been reported by Kojima et al. [18] and in [20] on 
undoped multilayer InAs QDs samples with 30 periods, grown by solid-
source molecular beam epitaxy. Author have shown that the PL decay 
time is almost constant in the low temperature. This typical result was 
attributed to the localization of excitons in the quantum dots. At high 
temperature, they explain their results by the thermal dissociation of 
excitons and free carriers ejection from QDs to the wetting layers and 
barriers. On the other hand, they include another factor, namely, the 
effect of the vertical overlapping of the electronic wave functions, to 
explain the large increase of the PL decay time with increasing 
temperature in InAs QDs layers. In our case and contrary to these 
results, the interpretation of the decrease in the PL decay time as a 
function of temperature should exclude the vertical coupling effect of QD 
stacks, since our spacer is about 38nm, greater than the exciton radius. 
We must also emphasize that, our QDs are intentionally modulation 
delta p-doped. In fact, it has been demonstrated that p-doping is found to 
reduce the effects of hole escape, which is expected to be more widespread 
than electron escape. Consequently, the presence of a large number of 
holes in the QD will enable faster carrier relaxation processes reducing 
the electron relaxation time by increasing the non-radiative 
recombination on localized recombination centers introduced by the 
doping [10]. The carrier lifetime decrease can also be attributed to an 
enhancement of the Auger-type recombination due to the presence of 
extrinsic holes in the QDs [7]. 

The integrated PL intensity and PL decay time observed behaviours, 
are related to the competition between radiative and non-radiative 
processes. In general, the PL decay rate is given by 

( ) ( ) ( ) ,111
TTT nradradPL τ

+
τ

=
τ

 (1) 

where ( )Tradτ  and ( )Tnradτ  are the radiative and the non-radiative 

lifetimes, respectively. Their values, at a given temperature, could be 



TEMPERATURE EFFECT ON THE ELECTRONIC … 11

extracted from the measured PL decay time and the integrated PL 
intensities by using the cw-PL data [21]. Assuming that, at low 
temperature the recombination is pure radiative, leading to an internal 
quantum efficiency 1=η  at 10K and for a temperature T is given by the 

simple relation ( ) ( )
( )

( ) .
0I
TI

T
TT PL

rad
PL ≈

τ
τ

=η  From these assumptions, one 

can determine the following equations [10]: 

( ) ( ) ( ),0 TTI
IT PL

PL
rad τ=τ  (2) 

and 

( ) ( ) ( ),
0

0 TTII
IT PL

PL
nrad τ

−
=τ  (3) 

where ( )TPLτ  and ( )TIPL  are the PL decay time and the integrated PL 

intensity, respectively, at a temperature T. 0I  is the integrated PL 

intensity at a sufficiently low temperature value (10K in our case). 

If we assume that both radiative and non-radiative recombination 
processes can occur at the lowest temperature, we will obtain ( )Tradτ  

and ( )Tnradτ  at each temperature by using Equation (1), Equation (2) 

and the experimental data from ( )TIPL  and ( ).TPLτ  Figure 4(b) shows 

the temperature evolution of the radiative, non-radiative recombination 
lifetimes and the photoluminescence decay time. In this figure, we can 
distinguish three regions, low, medium, and high temperature. In the low 
temperature region, the PL decay time is dominated by the radiative 
component, whereas the high temperature region is dominated by the 
non-radiative one. The medium temperature region is characterized by a 
competition of these two processes. From these results, we can consider 
that the recombination process, in the stacked QD structure, is 
radiatively up to 140K. 
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Since the sample is p-doped, to study the relationship between the 
photo-generated electrons density and the PL decay time, we have 
investigated the effect of the excitation density. In this section, the 
wavelength detection is fixed at the maximum of the cw-PL emission 
corresponding to 928nm. Figure 5(a) shows a selected typical PL 
transient with different excitation power and Figure 5(b) shows the PL 
decay times as function of the excitation power at 10K. For three decades 
of excitation density, Figure 5(a), a clear variation of the decay is 
observed and single exponential is used to fit each spectrum. This 

indicates that the PL transients at excitation density up to 2cmj1760µ  

were governed by recombination on the ground-state [22]. For more 
detail, we have plotted in Figure 5(b), the PL decay time versus the 
density of excitation. A monotonic decrease with increasing the excitation 

density from 2cmj7.1 µ  to 2cmj1760µ  is observed. In the low excitation 

density regime, one electron or less per QD, a large PL decay time of 
1.3ns is obtained, followed by a rapid decrease with increasing the 
excitation power density. This behaviour is a signature of the progressive 
filling of the ground state for each QD. This result is supported by the 
effect that the decay time is inversely proportional to the carrier density 
[24]. 
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Figure 5. (a) PL decay curves acquired at the maximum of the PL peak 
as a function of excitation power density and 10K, (b) the evolution of the 
decay time as function of excitation power density. 
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Similar studies of the carrier density effect on PL decay time have 
been reported by Karachinsky et al. [23] on InAs QD single layer array. 
They have shown a slow decrease of the decay time (from 1.2 to 1ns) at 
relatively high excitation power regime. They had explained this 
behaviour by the filling of excited states and/or adjacent regions, such as 
wetting layer and barriers [22, 23]. However, the rapid decrease of the PL 
decay time in our QD structure, could be justified by the p-delta doping 
and multi-stacks structure, where the ground state can be saturated at 
low density of excitation. 

To more understand the carriers relaxations and their transfer 
between quantum, we have studied the decay time versus the wavelength 
detection. As shown in the Figure 6, at low temperature, 10K, an increase 
of the decay time is observed when the detection is driven from low to 
high wavelengths. This behaviour is the result of the electronic transfer 
process from small to big quantum dots. This phenomenon had been 
observed in GaAsN microstructures [25, 26] and had been attributed to 
the excitonic transfer by hopping between localized states. In our sample, 
the decay time dispersion is due to the fact that, in small QDs, the carrier 
wave functions are spread through the barrier [21] leading to a an 
important electronic transfer toward the dig QDs by tunneling path. By 
increasing the temperature, photo-generated carriers will be thermally 
ejected out of small QDs and recombine elsewhere, leading to a reduction 
in the decay time dispersion [27]. At high temperature, more than 160K, 
the decay time tends to a constant value of 0.6ns. This means that, at 
high temperature, the small QDs are empty and the emission is purely 
from large ones, acting as traps. These assumptions are in a good 
agreement with that observe in cw-PL. 



TEMPERATURE EFFECT ON THE ELECTRONIC … 15

 

Figure 6. PL decay time as a function of the detection wavelength for 
different temperatures. 

It is worth mentioning that the decay time dependence on 
temperature and QDs size is well supported by temperature dependence 
of the PL peak position and the FWHM. At low temperature, the 
photoluminescence is originated from different InAs QDs sizes. Hence, 
significant change of the decay time, which is dominated by the radiative 
lifetime, versus emission wavelength being obtained. For higher 
temperatures, the decay time, dominated by the non-radiative 
component, is insensitive to the QDs sizes. Indeed, these processes are 
generally governed by the recombination through the Auger path [7, 28] 
and recombination centers introduced by the doping [10]. 

4. Conclusion 

In conclusion, carrier dynamics in stacked p-delta doped InAs 
quantum dots have been investigated by using cw and time-resolved 
photoluminescence versus the sample temperature and wavelength 
detection. Even in cw-PL or TRPL, we have shown the presence of three 
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temperature domains. At low domain, less than 60K, the recombination 
processes are purely radiative and electrons in small dots could be 
transferred to large ones by lateral tunneling. In the medium 
temperature region, we have a completion between the radiative and 
non-radiative recombination assumed by the reduction of the tunneling 
effect and an increase on the thermal ejection of carriers out of small 
QDs. At high temperature, the photo-generated carriers will be ejected 
out even from big QDs and recombine elsewhere, leading to a reduced 
decay time and insensitive the detection wavelength. 
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