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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
In,Ga, _,As/GaAs self-assembled quantum d@D’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.

I. INTRODUCTION the following: a 0.7um-thick n*-doped GaAs buffer layer
(n*:4x10"®¥cm™3) followed by a 0.1pm-thick n-doped
Since the first investigation of self-assembled quantunGaAs (n:4x10*cm™3); an undoped, intrinsic regiofi),
dots (QD’s), there has been a great deal of interest in thevhich consists, respectively, of a Oukn-thick GaAs layer,
physics of these systems and in potential applications, suchn InGa, _,As layer, and a 60-nm-thick GaAs layer; finally,
as the quantum dot lastrDespite years of intensive re- the growth is completed by a 0&m-thick p*-doped GaAs
search, there are still several problems hindering the eXploi'ayer (T:2x10%8cm 3. The structures were grown at
tation of the zero-dimensional properties of the dots. Thesgqq ¢ except for the 1Ba,_,As layer and the overgrown
include the control of the uniformity and ordering of the dots 55a¢ cap layer, which were both grown at 450 or 500 °C to

as well as the realization of a “pure” zero-dimensional 54idq In segregation and desorption effects. Several struc-
structure. In particular, of prime importance is the questiony,res were examined, varying in the In content of the

of whether the dots are uncoupled or coupled in the growth, Ga,_As (x=0.5 and 1, in the InGa, As layer thick-
plane. Alternatively, can the dots be best described as 10caacs | or in the GaAs substrate orienxtatic[|(1311)B or

ization centers in the potential profile of the two-dimensional(loo)]_ L is equal to 1.3, 1.8, or 2 monolayefSiL) for x
wetting layer that forms beneath them? There is currently N1 and equal to 1.1 or 1.4 nm for=0.5. The variety of
clear answer to this question. Several experiments have de Fowth conditions allows us to study both wetting layer
onstrated the zero-dimensional nature of carrier confinemezgwl_) (x=1 andL=1.3 ML) and QD structured_=1.8 or 2

in the dots?~° on the other hand, similarities with disordered yy o v =1 andL=1.1 or 1.4 nm forx=0 5 with corre-
quantum well{fQW's) can be found. Luminescence experi- ' : ) i

ments with local-probe techniques have provided evidence

localized excitons in quantum wells with an atomlike densityyin“ine reflection high-energy electron-diffraction pattern,

of states. Carrier localization occurs in the local energyr ot morphology was studied by atomic force micros-

minima of the fluctuating QW potential due to the interfacial copy on samples having a similar growth scheme but with
e : =11

and compositional disorder. the growth terminated after the JBa, _,As layer® The dots

In this paper, we present a systematic study of Camehave a density of- 10 cm2 a mean diameter of20—30
redistribution in InGa, _,As/GaAs QD’s by comparison of nm, and a mgan height 0#’1_2 nm. Thep-i-n structures

electroluminescenc€¢EL) and photocurrenfPC) measure- ere processed into circular mesas, 208 in diameter. A

mbents.tpespne [:rewous vyork g,,e ;{Itrllg V‘{'tth E_he err]msstl)on an ing-shaped electrical contact was fabricated on top of the
absorption spectroscopy in QD'djttle attention has been mesa to permit optical access to the sample. This type of

devoted IOHF,%WCOT]pa“tshon .Oft the ftwo d tf)}’.Ff)teSf thOf structure allows us to compare the emissi@b) and the
measuremertt. € show the existence of a reashiit orthe absorption(PC) of the same device, thus avoiding any prob-

QD emission in EL with respect to the QD absorption in PC’Iems of nonhomogeneity. In particular, the PC technique

re_ferred to as the Stokes_ shiiS SSdepends on the line- provides a sensitive tool for probing the absorption of a
width of the QD absorption spectrum and on temperature

. ; N ingle QD layer, which is too weak to be detected in a trans-
The data are explained in terms of a thermal redistribution ofn gle QD lay

. . . .~ ~mission measurement. The EL was dispersed pynamono-
carriers between dots by analogy with carrier thermal|zatlor&:rorlnator anfj detected by a gz)oledl ge(loGa)gAs diode
in disordered quantum welfé’ '

For PC measurements, a tungsten-halogen lamp dispersed by

Il EXPERIMENT a0.25m monochromator was used as exuta_tlon source and

the photocurrent signal was measured using a standard

The samples arg-i-n structures grown by molecular lock-in technique. The PC spectra were measured under re-
beam epitaxy om™ GaAs substrates. The growth scheme isverse biagpositive-biased substrateith an applied voltage

pondingly different carrier-confining potentials and mor-
hologies. The dot formation was controlledsitu by moni-
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of the dots'> However, recent PC measurements in QD
T structures showed that the above effect is relevant only at
Gads ; low temperature$< 150 K) and that even for these cases the

/ energy deviation of the PC from the absorption is srtali8
meV).%% In light of these considerations, we propose that a

ELe(hV;kBD different mechanism is responsible for the observed |&8e
WL ; By analogy with the optical properties of QW
® | ; systems*~1’we propose that th8Smay indicate a thermal-
| SS ization of carriers within the energy state distribution of the
- dots. In conventional QW's, interface and compositional dis-

hv(eV) ' order generates a fluctuating QW potential that leads to an
S\ inhomogeneous broadening of the spectral lines. Carrier re-
EE distribution between the states of the QW depends on
EL ; temperaturé? Carriers are assumed to be in thermal equilib-
....... e é rium, with a Boltzmann distribution characterized by an ef-
: fective carrier temperaturgé.. Then the emission spectrum
(L) is related to the absorption spectrunby the relatioh?*

Signal Intensity (arb. units)

T=290K
115 120 125 130 135

hv (eV) wherehv is the photon energy arkkT,. is the carrier ther-
mal energy. By considering a Gaussian profile for the exci-
FIG. 1. Electroluminescend&L) and photocurrentPC) spectra  ton fundamental absorption,(hv) it can be shown that
at room temperature T(=290K) for InysGasAs quantum dots L(hv) is redshifted with respect ta,(hv) by the amourif
grown on a100 GaAs substrate with=1.1 nm. The EL spectrum
is measured under a current of 70 mA. The PC spectrum is mea-
sured with an applied voltagé= —1 V. The dotted line represents
the curvel (hv)e"’%eT, whereL (hv) is given by the EL spectrum. SS= O-lsﬁ! 2
SSis the Stokes shift of the dot EL spectrum with respect to the dot Ble
fundamental absorption in PC. The inset shows the PC spectrum in
an extended energy range. whereW is the full width at half maximum ofv,(hv).
We applied the above model to the data at room tempera-
V=0 or —1 V. In this voltage range, the PC spectra areture from our QD samples. In this case carrier transfer be-

L(hv)~a(hv)e "/ksTe, (1)

almost independent of the bias conditions. tween the dots occurs through carrier diffusion in the wetting
layer (WL) and in the GaAs barriers. Carriers thermally es-
IIl. RESULTS AND DISCUSSION cape from the dots to the delocalized states of the WL and

GaAs matrix*®=24 Subsequently, they redistribute in the

Figure 1 shows the EL and PC spectra at room temperagrowth plane according to the Boltzmann distribution by dif-
ture (T=290K) for Iny sGa, sAs/GaAs quantum dots grown fusing from the high-energy to the low-energy dot states.
on a(100 GaAs substrate with =1.1 nm. The EL spectrum This results in a Stokes shift of the emission of the dots with
shows a band around 1.27 eV due to electron-hole pair rerespect to their fundamental absorption in PC. We simulated
combination from the ground state of the dots. A similarthe QD absorptiorx(hv) by the curvel (hv)e"/*sT, where
band is observed in the PC spectrum, but shifted to highe(hv) is the emission spectrum measured by EL, and we
energy with respect to the EL and attributed to the fundaassumed that carriers obey Boltzmann statistics at the lattice
mental dot absorption. Finally, on the high-energy side of theemperaturelT =290 K. As shown by the dotted line in Fig.
PC spectrum(see the inset of Fig.)lwe observe two more 1, this curve has a similar line shape to the PC spectrum in
features. They are due to absorption of thgsba, sAS wet-  the region of the fundamental absorption of the dots.
ting layer (WL) and the intrinsic absorption edge of the  The above discussion implies that t88is related to the
GaAs matrix. The unambiguous assignment of these resategree of carrier thermalization, as measured by the ratio
nances follows from a comparison of the PC spectrp-Bh ~ between the carrier thermal enerdiT.) and the inhomo-
structures with and without the J6a _,As layer. geneous broadening of the QD absorption b#hdVe mea-

Of particular interest is the large energy sfiift 20 meV) sured theSSfor samples with differentV. In order to define
between the QD EL spectrum and the QD fundamental abS§ first we studied the dependence of the QD EL spectra on
sorption in PC, referred to as the Stokes shift. A similarthe number of injected carriers, as measured by the current
observation has been previously reported by comparison dghrough the device. For each sample in the investigated cur-
photoluminescencéPL) and PC(Ref. 12 or photovoltag®  rent range of 1-10 to 100 mA, the peak energy position of
measurements at room temperature, and tentatively exhe QD EL band is almost independent of the excitation con-
plained in terms of a preferential tunneling of carriers out ofditions. This makes the value 8Sa well-defined quantity at
the dots from the higher energy states, which results in @aoom temperature. As shown in Fig. 2 for samples with dif-
blueshift of the QD PC with respect to the absorption and PLferentW, SSandW are strongly correlated; larg&v means
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FIG. 3. Low-temperaturél0 K) electroluminescencéL) spec-
tra as a function of currentfor (a) Ing sGa&, sAs and(b) InAs self-
assembled quantum da#®D’s). The arrows indicates the blueshift
. ) of the QD EL band with increasinig The photocurrentPC) spectra
FIG. 2. Stokes shifSSof the dOt(OD full dOtS) and Wettlng of the two Samples are pIOtted in the upper pal’t@bhnd(b) The
layer (WL open dot$ EL band vs the fundamental absorption line- o qtinious line is a fit to the PC data by Gaussian line shapes
width W(T=290K). The error bars take into account the uncer- (dashed lines
tainty in the determination c6SandW, as derived from fits to the

PC spectra. The star, cross, and triangle symbols are the data from

Refs. 12, 13, and 25, respectively. The continuous line is the curvéelax to the lowest dot energy states. Then, as the carrier
SS=0.18V?/kgT. density increases further, carriers redistribute in the growth

plane and spread over the full QD density of states, thus

resulting in a blueshift of the luminescence spectra and a

decreasing value &S

Figure 4 shows the current dependences8hat different

largerSS The same correlation also holds for structures contemperatures for the sample of FigaB The data show that
taining a disordered QW, in our case an InAs Wile., no  SSdepends on the excitation conditions used for the EL mea-
dots, and for self-assemblét'3?®or colloidaf® quantum  surements fof <200 K and thaiSSincreases with decreas-
dots reported in the literature by other groups. The values oihg T. The temperature dependence of 8®under different
the SSfor two WL samples and those reported in the litera-currents is shown in the inset of Fig. 4 and compared with
ture for InGa _,As QD’s are plotted in Fig. 2. Th&Sin-  that expected by the theoretical cur@s=0.18V?/kgT,
creases withW in good agreement with the relatioBS with T.=T and a constant value foiV. This comparison
=0.18N%/kgT, predicted by the thermalization mod@lee  shows a deviation of the data from the model in the tempera-
the dotted line in Fig. 2 The smallest values of th®Sare  ture range 10-150 K.
found in systems with the narrowest PL linewidth. In par- The increasing value d8Swith decreasingr is in quali-
ticular, SStends to zero fotW— 0, as expected in the limit of tative agreement with the thermalization model, but repre-
perfectly homogeneous QW or in the case of an ensemble afents a surprising result for a QD system. With decreating
identical dots. the thermal coupling between the dots becomes weakét.

In order to reveal the degree of carrier thermalization afThe subsequent suppression of carrier hopping between ad-
different temperatures, we studied the temperature depefacent dots should prevent carrier redistribution, leading to
dence of thesS When we lower the temperature from 290 to an approximately random population of the dot levels across
10 K, we continue to observe a fini&Sin all samples. In  the full QD spectrum and a vanishii®§s The observation of
particular, in the regime of low temperatufe 200 K), the  a Stokes shift at low lattice temperature indicates that carri-
peak energy position of the QD EL band, and hence thers are not randomly distributed and that a partial thermali-
magnitude of theSS depends strongly on the number of zation occurs. This may occur through tunneling between
injected carriers. neighboring doté’ Alternatively, the wetting layer could

Figures 3a) and 3b) show the 10 K EL and PC spectra of still represent an efficient channel for the interdot carrier
IngsGaysAs QD’s and InAs QD’s, respectively. In both transfer at low temperature. In fact, an efficient energy ex-
samples, the EL spectra, recorded at different currerdse  change between the dots and the wetting layer can always
redshifted with respect to the PC. In particular, ®8de-  occur by Auger like mechanisni&3°
creases with increasing Similar effects are observed by A quantitative determination of th&Sat low lattice tem-
considering the QD photoluminescence spectra monitored ggerature is not straightforward. This is in general true also
a function of the optical excitation power. These data indi-for highly disordered QW's, where th8Sis strongly con-
cate that for small carrier densities, carriers preferentiallytrolled by the competition between carrier diffusion in the

W (meV)
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closer to the maximum absorption of the dots and the impor-
tance of band filling mechanisms becomes smaller.

The efficiency of the interdot carrier transfer depends on
the dot properties. It is larger in samples with a high dot
density and/or with a shallow dot confining potentialn
our structures the distance between nearest neighbor dots is
small (~30 nm corresponding to a dot density of

60|

x 10mA ~10"cm™?), the dot energy levels are shalldihe carrier
§ . o = S =5 confinement energies are 100 meV},*! and a wetting layer
g * TEK) always forms beneath the dots, representing an efficient
% 40 “o. 0“-.41%_101( channel for the interdot carrier transfer. Of course, because
- 0---...0,”_Nw::::-':s:: 10K of the large variety of QD structures reported in the litera-
ture, a general picture for carrier thermalization within an
Ak A A 200K ensemble of disordered QD'’s requires a detailed consider-
ation of the dot morphology.
201 X X. 200K
IV. CONCLUSIONS
310 610 9I0 We studied the EL and PC spectrapi-n structures con-
I(mA) taining InGa, _,As/GaAs QD’s. A comparison between EL

and PC spectra at low and room temperature shows that the

FIG. 4. Current), dependence of the Stokes Sh8§ measured QD emissipn is redshifteq with respect to the .QD .abgorption.
at different temperatures for JgGa, AS quantum dots grown on The. resulting .Stol_<es.sh|ft of the QD emission indicates a
(100 GaAs substrate arid=1.1 nm. The inset shows the tempera- Cartier thermalization in the growth plane. At room tempera-
ture dependence ddSat different!. The continuous line is the ture, theSSis related to the degree of carrier thermalization,
curve SS=0.18V2/kg T, with T,=T and W=50meV, and the as measured by the ratio between the carrier thermal energy
dotted lines are guides to the eye. and the inhomogeneous broadening of the QD absorption

band, and is well described by analogy with the carrier ther-

growth p|ane and the recombination of Carri@r%? In par- malization in disordered QW%4 At low temperature the ob-
ticular, due to the high disorder present in QD systems, is€rvation of a nonvanishing Stokes shift and of a strong de-
seems likely that only a partial thermalization can occur.pendence of the QD luminescence spectra on carrier density
Also a model for theSSat low T should include a description indi_cates the persistence of a strong coupling between neigh-
of band filling mechanisms, which are responsible for theboring dots.
observed dependence of t8&Son carrier densitysee Fig.
4). As the carrier density increases, the lowest dot energy
states are saturated and the carrier population spreads over a
larger range of the QD density of states, thus resulting in a The work was supported by the Engineering and Physical
decreasing value d8S This behavior is not observed in the Sciences Research CoundUnited Kingdom. A.L. ac-
regime of highT, in which the EL spectrum shifts in energy knowledges the support of the FAPESP Foundati@rmazil).
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