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Carrier thermalization within a disordered ensemble of self-assembled quantum dots
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The electroluminescence~EL! and photocurrent ~PC! spectra of p-i-n structures containing
InxGa12xAs/GaAs self-assembled quantum dots~QD’s! are studied from 10 to 290 K. Comparison between the
EL and PC shows a Stokes Shift, i.e., the QD emission is redshifted with respect to the QD absorption in PC.
The magnitude of the Stokes Shift depends on the temperature and on the extent of the dot energy dispersion,
as measured by the QD absorption linewidth in different samples. The origin of the Stokes shift is discussed in
terms of carrier thermalization effects by analogy with carrier distribution in disordered quantum wells.
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I. INTRODUCTION

Since the first investigation of self-assembled quant
dots ~QD’s!, there has been a great deal of interest in
physics of these systems and in potential applications, s
as the quantum dot laser.1 Despite years of intensive re
search, there are still several problems hindering the exp
tation of the zero-dimensional properties of the dots. Th
include the control of the uniformity and ordering of the do
as well as the realization of a ‘‘pure’’ zero-dimension
structure. In particular, of prime importance is the quest
of whether the dots are uncoupled or coupled in the gro
plane. Alternatively, can the dots be best described as lo
ization centers in the potential profile of the two-dimensio
wetting layer that forms beneath them? There is currently
clear answer to this question. Several experiments have d
onstrated the zero-dimensional nature of carrier confinem
in the dots;2–5 on the other hand, similarities with disordere
quantum wells~QW’s! can be found. Luminescence expe
ments with local-probe techniques have provided evidenc
localized excitons in quantum wells with an atomlike dens
of states. Carrier localization occurs in the local ene
minima of the fluctuating QW potential due to the interfac
and compositional disorder.6–11

In this paper, we present a systematic study of car
redistribution in InxGa12xAs/GaAs QD’s by comparison o
electroluminescence~EL! and photocurrent~PC! measure-
ments. Despite previous work dealing with the emission a
absorption spectroscopy in QD’s,1 little attention has been
devoted to a comparison of the two types
measurement.12,13We show the existence of a redshift of th
QD emission in EL with respect to the QD absorption in P
referred to as the Stokes shift,SS. SSdepends on the line
width of the QD absorption spectrum and on temperatu
The data are explained in terms of a thermal redistribution
carriers between dots by analogy with carrier thermalizat
in disordered quantum wells.14–17

II. EXPERIMENT

The samples arep-i-n structures grown by molecula
beam epitaxy onn1 GaAs substrates. The growth scheme
PRB 620163-1829/2000/62~16!/11084~5!/$15.00
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the following: a 0.7-mm-thick n1-doped GaAs buffer layer
(n1:431018cm23) followed by a 0.1-mm-thick n-doped
GaAs (n:431016cm23); an undoped, intrinsic region~i!,
which consists, respectively, of a 0.1-mm-thick GaAs layer,
an InxGa12xAs layer, and a 60-nm-thick GaAs layer; finally
the growth is completed by a 0.5-mm-thick p1-doped GaAs
layer (p1:231018cm23). The structures were grown a
600 °C except for the InxGa12xAs layer and the overgrown
GaAs cap layer, which were both grown at 450 or 500 °C
avoid In segregation and desorption effects. Several st
tures were examined, varying in the In content of t
InxGa12xAs ~x50.5 and 1!, in the InxGa12xAs layer thick-
ness L or in the GaAs substrate orientation@(311)B or
~100!#. L is equal to 1.3, 1.8, or 2 monolayers~ML ! for x
51 and equal to 1.1 or 1.4 nm forx50.5. The variety of
growth conditions allows us to study both wetting lay
~WL! ~x51 andL51.3 ML! and QD structures~L51.8 or 2
ML for x51, andL51.1 or 1.4 nm forx50.5! with corre-
spondingly different carrier-confining potentials and mo
phologies. The dot formation was controlledin situ by moni-
toring the reflection high-energy electron-diffraction patte
The dot morphology was studied by atomic force micro
copy on samples having a similar growth scheme but w
the growth terminated after the InxGa12xAs layer.18 The dots
have a density of;1011cm22, a mean diameter of;20–30
nm, and a mean height of;1–2 nm. Thep-i-n structures
were processed into circular mesas, 200mm in diameter. A
ring-shaped electrical contact was fabricated on top of
mesa to permit optical access to the sample. This type
structure allows us to compare the emission~EL! and the
absorption~PC! of the same device, thus avoiding any pro
lems of nonhomogeneity. In particular, the PC techniq
provides a sensitive tool for probing the absorption of
single QD layer, which is too weak to be detected in a tra
mission measurement. The EL was dispersed by a3

4 m mono-
chromator and detected by a cooled Ge or~InGa!As diode.
For PC measurements, a tungsten-halogen lamp disperse
a 0.25 m monochromator was used as excitation source
the photocurrent signal was measured using a stan
lock-in technique. The PC spectra were measured unde
verse bias~positive-biased substrate! with an applied voltage
11 084 ©2000 The American Physical Society
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V50 or 21 V. In this voltage range, the PC spectra a
almost independent of the bias conditions.

III. RESULTS AND DISCUSSION

Figure 1 shows the EL and PC spectra at room temp
ture (T5290 K) for In0.5Ga0.5As/GaAs quantum dots grow
on a~100! GaAs substrate withL51.1 nm. The EL spectrum
shows a band around 1.27 eV due to electron-hole pair
combination from the ground state of the dots. A simi
band is observed in the PC spectrum, but shifted to hig
energy with respect to the EL and attributed to the fun
mental dot absorption. Finally, on the high-energy side of
PC spectrum~see the inset of Fig. 1! we observe two more
features. They are due to absorption of the In0.5Ga0.5As wet-
ting layer ~WL! and the intrinsic absorption edge of th
GaAs matrix. The unambiguous assignment of these re
nances follows from a comparison of the PC spectra ofp-i-n
structures with and without the InxGa12xAs layer.

Of particular interest is the large energy shift~; 20 meV!
between the QD EL spectrum and the QD fundamental
sorption in PC, referred to as the Stokes shift. A simi
observation has been previously reported by compariso
photoluminescence~PL! and PC~Ref. 12! or photovoltage13

measurements at room temperature, and tentatively
plained in terms of a preferential tunneling of carriers out
the dots from the higher energy states, which results i
blueshift of the QD PC with respect to the absorption and

FIG. 1. Electroluminescence~EL! and photocurrent~PC! spectra
at room temperature (T5290 K) for In0.5Ga0.5As quantum dots
grown on a~100! GaAs substrate withL51.1 nm. The EL spectrum
is measured under a current of 70 mA. The PC spectrum is m
sured with an applied voltageV521 V. The dotted line represent
the curveL(hn)ehn/kBT, whereL(hn) is given by the EL spectrum
SSis the Stokes shift of the dot EL spectrum with respect to the
fundamental absorption in PC. The inset shows the PC spectru
an extended energy range.
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of the dots.12 However, recent PC measurements in Q
structures showed that the above effect is relevant only
low temperatures~, 150 K! and that even for these cases t
energy deviation of the PC from the absorption is small~, 8
meV!.19 In light of these considerations, we propose tha
different mechanism is responsible for the observed largeSS.

By analogy with the optical properties of QW
systems,14–17we propose that theSSmay indicate a thermal-
ization of carriers within the energy state distribution of t
dots. In conventional QW’s, interface and compositional d
order generates a fluctuating QW potential that leads to
inhomogeneous broadening of the spectral lines. Carrier
distribution between the states of the QW depends
temperature.14 Carriers are assumed to be in thermal equil
rium, with a Boltzmann distribution characterized by an e
fective carrier temperatureTc . Then the emission spectrum
~L! is related to the absorption spectruma by the relation14

L~hn!;a~hn!e2hn/kBTc, ~1!

wherehn is the photon energy andkBTc is the carrier ther-
mal energy. By considering a Gaussian profile for the ex
ton fundamental absorptionao(hn) it can be shown that
L(hn) is redshifted with respect toao(hn) by the amount14

SS50.18
W2

kBTc
, ~2!

whereW is the full width at half maximum ofao(hn).
We applied the above model to the data at room temp

ture from our QD samples. In this case carrier transfer
tween the dots occurs through carrier diffusion in the wett
layer ~WL! and in the GaAs barriers. Carriers thermally e
cape from the dots to the delocalized states of the WL
GaAs matrix.20–24 Subsequently, they redistribute in th
growth plane according to the Boltzmann distribution by d
fusing from the high-energy to the low-energy dot stat
This results in a Stokes shift of the emission of the dots w
respect to their fundamental absorption in PC. We simula
the QD absorptiona(hn) by the curveL(hn)ehn/kBT, where
L(hn) is the emission spectrum measured by EL, and
assumed that carriers obey Boltzmann statistics at the la
temperatureT5290 K. As shown by the dotted line in Fig
1, this curve has a similar line shape to the PC spectrum
the region of the fundamental absorption of the dots.

The above discussion implies that theSSis related to the
degree of carrier thermalization, as measured by the r
between the carrier thermal energy (kBTc) and the inhomo-
geneous broadening of the QD absorption bandW. We mea-
sured theSSfor samples with differentW. In order to define
SS, first we studied the dependence of the QD EL spectra
the number of injected carriers, as measured by the cur
through the device. For each sample in the investigated
rent range of 1–10 to 100 mA, the peak energy position
the QD EL band is almost independent of the excitation c
ditions. This makes the value ofSSa well-defined quantity at
room temperature. As shown in Fig. 2 for samples with d
ferentW, SSandW are strongly correlated; largerW means
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largerSS. The same correlation also holds for structures c
taining a disordered QW, in our case an InAs WL~i.e., no
dots!, and for self-assembled12–13,25 or colloidal26 quantum
dots reported in the literature by other groups. The value
the SSfor two WL samples and those reported in the lite
ture for InxGa12xAs QD’s are plotted in Fig. 2. TheSSin-
creases withW in good agreement with the relationSS
50.18W2/kBTc predicted by the thermalization model~see
the dotted line in Fig. 2!. The smallest values of theSSare
found in systems with the narrowest PL linewidth. In pa
ticular,SStends to zero forW→0, as expected in the limit o
perfectly homogeneous QW or in the case of an ensemb
identical dots.

In order to reveal the degree of carrier thermalization
different temperatures, we studied the temperature de
dence of theSS. When we lower the temperature from 290
10 K, we continue to observe a finiteSSin all samples. In
particular, in the regime of low temperature~, 200 K!, the
peak energy position of the QD EL band, and hence
magnitude of theSS, depends strongly on the number
injected carriers.

Figures 3~a! and 3~b! show the 10 K EL and PC spectra o
In0.5Ga0.5As QD’s and InAs QD’s, respectively. In bot
samples, the EL spectra, recorded at different currentsI, are
redshifted with respect to the PC. In particular, theSSde-
creases with increasingI. Similar effects are observed b
considering the QD photoluminescence spectra monitore
a function of the optical excitation power. These data in
cate that for small carrier densities, carriers preferentia

FIG. 2. Stokes shiftSSof the dot ~OD: full dots! and wetting
layer ~WL: open dots! EL band vs the fundamental absorption lin
width W(T5290 K). The error bars take into account the unc
tainty in the determination ofSSandW, as derived from fits to the
PC spectra. The star, cross, and triangle symbols are the data
Refs. 12, 13, and 25, respectively. The continuous line is the cu
SS50.18W2/kBT.
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relax to the lowest dot energy states. Then, as the ca
density increases further, carriers redistribute in the gro
plane and spread over the full QD density of states, t
resulting in a blueshift of the luminescence spectra an
decreasing value ofSS.

Figure 4 shows the current dependence ofSSat different
temperatures for the sample of Fig. 3~a!. The data show tha
SSdepends on the excitation conditions used for the EL m
surements forT,200 K and thatSSincreases with decreas
ing T. The temperature dependence of theSSunder different
currents is shown in the inset of Fig. 4 and compared w
that expected by the theoretical curveSS50.18W2/kBTc ,
with Tc5T and a constant value forW. This comparison
shows a deviation of the data from the model in the tempe
ture range 10–150 K.

The increasing value ofSSwith decreasingT is in quali-
tative agreement with the thermalization model, but rep
sents a surprising result for a QD system. With decreasinT,
the thermal coupling between the dots becomes weaker.21–24

The subsequent suppression of carrier hopping between
jacent dots should prevent carrier redistribution, leading
an approximately random population of the dot levels acr
the full QD spectrum and a vanishingSS. The observation of
a Stokes shift at low lattice temperature indicates that ca
ers are not randomly distributed and that a partial therm
zation occurs. This may occur through tunneling betwe
neighboring dots.27 Alternatively, the wetting layer could
still represent an efficient channel for the interdot carr
transfer at low temperature. In fact, an efficient energy
change between the dots and the wetting layer can alw
occur by Auger like mechanisms.28–30

A quantitative determination of theSSat low lattice tem-
perature is not straightforward. This is in general true a
for highly disordered QW’s, where theSS is strongly con-
trolled by the competition between carrier diffusion in th

-

om
e

FIG. 3. Low-temperature~10 K! electroluminescence~EL! spec-
tra as a function of currentI for ~a! In0.5Ga0.5As and~b! InAs self-
assembled quantum dots~QD’s!. The arrows indicates the blueshi
of the QD EL band with increasingI. The photocurrent~PC! spectra
of the two samples are plotted in the upper parts of~a! and~b!. The
continuous line is a fit to the PC data by Gaussian line sha
~dashed lines!.
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growth plane and the recombination of carriers.16,17 In par-
ticular, due to the high disorder present in QD systems
seems likely that only a partial thermalization can occu
Also a model for theSSat low T should include a description
of band filling mechanisms, which are responsible for t
observed dependence of theSSon carrier density~see Fig.
4!. As the carrier density increases, the lowest dot ene
states are saturated and the carrier population spreads ov
larger range of the QD density of states, thus resulting in
decreasing value ofSS. This behavior is not observed in the
regime of highT, in which the EL spectrum shifts in energy

FIG. 4. Current,I, dependence of the Stokes Shift,SS, measured
at different temperatures for In0.5Ga0.5As quantum dots grown on
~100! GaAs substrate andL51.1 nm. The inset shows the tempera
ture dependence ofSSat different I. The continuous line is the
curve SS50.18W2/kBTc , with Tc5T and W550 meV, and the
dotted lines are guides to the eye.
v
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closer to the maximum absorption of the dots and the imp
tance of band filling mechanisms becomes smaller.

The efficiency of the interdot carrier transfer depends
the dot properties. It is larger in samples with a high d
density and/or with a shallow dot confining potential.24 In
our structures the distance between nearest neighbor do
small ~;30 nm corresponding to a dot density
;1011cm22!, the dot energy levels are shallow~the carrier
confinement energies are; 100 meV!,31 and a wetting layer
always forms beneath the dots, representing an effic
channel for the interdot carrier transfer. Of course, beca
of the large variety of QD structures reported in the lite
ture, a general picture for carrier thermalization within
ensemble of disordered QD’s requires a detailed consi
ation of the dot morphology.

IV. CONCLUSIONS

We studied the EL and PC spectra ofp-i-n structures con-
taining InxGa12xAs/GaAs QD’s. A comparison between E
and PC spectra at low and room temperature shows tha
QD emission is redshifted with respect to the QD absorpti
The resulting Stokes shift of the QD emission indicates
carrier thermalization in the growth plane. At room tempe
ture, theSSis related to the degree of carrier thermalizatio
as measured by the ratio between the carrier thermal en
and the inhomogeneous broadening of the QD absorp
band, and is well described by analogy with the carrier th
malization in disordered QW’s.14 At low temperature the ob-
servation of a nonvanishing Stokes shift and of a strong
pendence of the QD luminescence spectra on carrier den
indicates the persistence of a strong coupling between ne
boring dots.
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