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Electron accumulation in single InP quantum dots observed by photoluminescence
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Single quantum-dot spectroscopy has revealed characteristic but so far unexplained differences in the optical
spectra from different quantum-dot systems. We propose a size-dependent accumulation of carriers as the
dominant mechanism behind these differences. We support our hypothesis with photoluminescence spectros-
copy on single InP/GalnP quantum dots positioned below a transparent Schottky gate. We show that without
external bias, the dots are filled with 15—20 electrons. By applying a reverse bias, we are able to reduce the
electron accumulation while monitoring the evolution of the emission spectrum. We find that the emission
peaks disappear one by one until, at a sufficiently low number of electrons in the dot, the remaining broad
peaks are replaced by numerous very sharp peaks.
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It has recently become possible to investigate the photomodels have been suggested to explain this unexpected PL
luminescencgPL) from individual semiconductor quantum spectrum. These include hot luminescence due to reduced
dots (QD9).1~* These investigations have shown that thererelaxation among the electron and hole statds.recent
are two different types of emission spectra. In the first typepapef suggests electron-phonon interaction as the main
typica| for InAs and InGaAs dots in GaAs, on|y a few Sharp mechanism. The apparently constant peak Separation could
lines appear in the spectra. In the second type, typical for Inthen be explained by a recently discovered disorder-activated
dots in GalnP, several broad lines appear in the spectra. l@ngitudinal acoustic phondrof 20 meV. We will present
this paper, we propose a simple mechanism explaining thedtere experimental data that conclusively show that the origin
differences and present PL data in support of our model. Of the multiple, broad peaks in the PL spectrum is none of

As a model system, we are using self-assembled InP QD&e€ above. Instead, the emission spectrum is dominated by
embedded in Ggglng 4P lattice matched to GaAs. The the presence of multiple electrons in the dot, occupying dif-
samples are grown using metal-organic vapor-phase epitaxfgrent(single particle energy levels. It has previously been
with growth conditions optimized to give a dot density low €stablished that energy shifts due to few-particle effects are
enough to allow single QD spectroscopy. Details of thesmall in this system.Each of these electrons can recombine
growth are given elsewhereThis is an interesting dot sys- With optically generated holes, giving rise to multiple PL
tem since the same sample can contain dots of both charaeaks with a splitting corresponding to the energy splitting of
ters simultaneously. The reason for this is a bimodal sizéhe electron levels. The number of electrons, and thus the
distribution of the InP QDs. One subset of the dots are trunhumber of peaks, is controlled by the energy at which the
cated pyramids with a height of about 15 nm and a slightlyFermi-level crosses the QD potential. The different intensi-
elongated base of about 40 by 50 nm. The other dots are
similar in lateral extension but only about 5 nm in height. We
call the larger dots fully developed dots and the smaller ones ‘
partially developed dots, since they can be seen as prestage Ensemble of V‘{j;te'fg
of the fully formed dots. The two types of quantum dots are _ | S35 4P ops
spectroscopically easily distinguishable, as can be seen irg
Fig. 1. The PL spectrum from a single partially developed 3
dot consists of a few sharp lines with linewidths smaller than &

our spectral resolution; the number of peaks and their rela-2 Sl Fartially
ingle 1. developed;

tive intensities vary in a strongly nonlinear fashion with ex- é c qvb.i QD . dot

citation power density. The partially developed dots are thus= | =~ [ |_ "> A

similar to self-assembled InAs quantum dots in GaAs, a sys-CL EF QDtEn

tem in which it has been shown that the different lines origi- ! \ .

nate from different multiexcitonic staté4. 1.4 1.5 1.6 1.7 1.8 1.9 2.0
The fully developed quantum dots behave quite differ- Energy (eV)

ently_: The PL spectrum from a Smgl? m”y deVe'OPeo_' dot FIG. 1. Comparison of single QD PL spectra for a low-density
consists of several broad-(1 meV) emission lines, distrib-  sample and the ensemble averaging spectrum for a high-density
uted over a range of approximately 50 nfeln a typical sample. The fully developed QDs give rise to a well-defined peak in
spectrum, there are 3-5 distinct peaks and about the sang ensemble average, implying a fairly homogeneous distribution
number of weak peaks or shoulders. The shape of the Pix size and shape. The partially developed dots have a wider distri-
spectrum is constant for excitation power densities below @ution, resulting in a broad emission tail extending from the QW-
threshold of about 10 W/ctndown to the lowest-possible like wetting-layer peak. Note the completely different character of
excitation power density at which we can measure. Severahe single-dot spectra from the two types of QDs.
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ties of the peaks is attributed to different optical transitionwill contribute to the PL. Charge accumulation in a QW will,
matrix elements between the hole state and the various eletherefore, primarily be seen as an increased Stokes shift, i.e.,
tron states, as is predicted by theoretical calculatfons. an increase in the energy difference between the PL peak and
The nominally undoped GalnP barrier materiahisype  the corresponding absorption peak. For a QD, however, the
with a net donor concentration of about'#cm™3. Even translational symmetry is broken and all charge carriers may
this low doping concentration will, at cryogenic tempera-in principle contribute to the PL. Another difference between
tures, pull the Fermi level almost all the way up to the GalnPQDs and QWs is imposed by the different dimensionalities.
conduction band edge, implying that the InP quantum dot iDue to charge neutrality, the number of carriers in a QW is
filled with electrons. However, the charging of the quantumproportional to the width of the depletion layers on both
dot, as well as the depletion of the surrounding GalnP, willsides of the well. The QD, however, will collect charge from
introduce band bending, lifting the bottom of the InP poten-a three-dimensional volume of the surrounding GalnP and
tial well until the highest-occupied electron state lines upthe number of carriers will, therefore, increase as the cube of
with the Fermi level. This is shown schematically in the insetthe depletion width. Combining this with Poissons equation
of Fig. 1. At equilibrium, the number of electrons in the QD in one and three dimensions, respectively, it can be found
can be estimated by requiring the band bendjig; and the that the total band bendimgV,,; is proportional to the square
energy of the highest occupied stdfg to sum up to the of the carrier concentration in a QW while it is approxi-
depth of the potential well. CalculatingV,,; using Poisson’s mately linear with the carrier concentration in a QD. A
equation and taking the depth of the potential well to be 25(righer carrier concentration is, therefore, needed in the QD
meV&° this approach gives an estimate of about 20 electronto introduce enough band bending that the last occupied state
with an energy spread of 60 meV for a fully developed InPcoincides with the Fermi level. Note that this effect is purely
QD. classical and not related to the differences in density of states
A PL spectrum with several peaks over a 50 meV range idetween two- and zero-dimensional systems.
thus not at all unexpected, although it has not been under- To test our interpretation of the multiple PL peaks, the
stood and demonstrated until now. Due to the band bendinggvolution of the QD PL was studied while changing the elec-
an optically generated hole will be captured very efficientlytron accumulation. To do this, Schottky diodes were made by
into the QD where it will recombine with one of the elec- evaporating semitransparent gold squares, #00wide and
trons. At low-enough excitation density, each hole recom-5 nm thick, onto the top surface and alloying an ohmic con-
bines before the next one enters and thus the PL spectrutact on the substrate side. For PL measurements, the sample
scales linearly with the excitation density. If there are morewas mounted in a cold-finger cryostat at 10 K. As excitation
than one positively charged hole in the QD, however, addisource, either a frequency-doubled yttrium aluminum garnet
tional electrons will be allowed, resulting in new PL peaks atlaser operating at 532 nr(Fig. 1 and Fig. 2 or, for PL
higher energy. This, indeed, explains the state filling reporte@xcitation(PLE) spectroscopyFig. 3), a tunable Ti:Sapphire

for InP QDs in GalnP? laser was used. The excitation power density was typically
A sample with a high QD density has previously been10 Wi/cnf.
studied using space-charge techniquksvas then estimated llluminating the transparent Schottky diode under PL con-

that the QDs were filled with 6—7 electrons. This valueditions resulted in an open-circuit voltage in the range 0.9-1
should be compared with the 20 electrons estimated abov&. This is close to the estimated height of the Au/GalnP
The main uncertainty in the space charge measurement is Bchottky barrier. The QDs, being 90 nm below the surface
the determination of the island density, which was obtainedwill, therefore, be in a flat-band region, even though they are
by atomic force microscopy on uncapped samples. As a corpositioned in the depletion region when the sample is not
sequence, the measured electron filling could be off by ailluminated. Simulating the Schottky structure using a com-
least a factor of two. Our estimated value of 20 electrons omercial software package confirms that the QDs are in a
the other hand is based on a very simple model and is, therélat-band region at the excitation densities needed to detect
fore, qualitative rather than quantitative. However, the num-any PL signal. The luminescence was collected with a 0.4
ber of states in a given volume that are below a certain enNA (numerical apertupemicroscope objective. Due to aber-
ergy is fairly independent of the details of the model. Arations introduced by the cryostat window the spatial resolu-
different approach is to use the fact that PL spectra frontion is limited to approximately 1.;5xm. By choosing a re-
single QDs are very similar and that the range of emission igion where the density of fully developed islands is below
always approximately 50 meV. Assuming that the observed0° cm™ 2, individual QDs can easily be selected and their PL
PL emission range is equal to the energy spread of the elespectra recorded. The emitted light was detected using a
trons,E,, (Fig. 1), the number of electrons can be obtained byliquid-nitrogen-cooled CCD camera.
integrating the bulk InP density of states over this range and We have measured the bias-dependent PL from several
multiplying with the QD volume. By using 50 meV and a QDs and they all share the main characteristics described
volume equivalent to a sphere with 15 nm radius, thisbelow. Figure 2 shows PL spectra from a single QD at dif-
method yields 13 electrons. ferent applied biases. The bottom trace is obtained when ap-
There are two main reasons why the charge accumulatioplying a voltage equal to the open-circuit voltage and is iden-
dominates the PL from QDs while it is usually negligible for tical to the spectrum obtained when the diode is left
QWs12Due to conservation of the in-plane momentum inunconnected. It is clear from the similarity between this
a QW, only majority carriers at the bottom of the subbandspectrum and the spectrum of ttdiffereny fully developed
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- FIG. 3. PL and PLE spectra from a single QD for different bias.
0.8V y At a bias of —0.2 V there is no absorption at an energy of about
0.8V . \ 1.67 eV(indicated by an arroyy while at a bias of-0.6 V there is
- y clear absorption at the same energy. This shows that the initially
1.0V s filled state is depopulated. The hatched area indicates the PLE de-
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1.64 1.66 1.68 ied electron state can be depopulated by reverse biasing,
p pop y I
Energy (eV) that state should now show up as a new peak in the PLE

spectrum. This is indeed also the case, as can be seen in Fig.

FIG. 2. Evolution of PL spectra of a fully developed QD with 3. The PLE experiment is the final proof that the multiple PL
applied bias. With decreasing bias the number of broad lines i$ines are due to the presence of many electrons in the QD. A
reduced and eventually the remaining broad lines are split into numodel based on electron-phonon interaction can not possibly
merous sharp lines. The highest applied forward Kis/; the  explain the PLE results, even when including “sophisticated
bottom tracg is equal to the open-circuit voltage generated by thedynamical and nonadiabatic processésit"can be seen in
Ias.er iIIumir]ation. The (.jas.hed line indicates the calpulated Starlfcig. 3 that a PLE and a PL peak can coexist for certain
shift assuming an electric field of an ideal Schottky diode. biases. This is not particularly surprising considering that a

partial population of the highest-occupied state, offering ab-

QD shown in Fig. 1 that the thin gold film itself does not sorption as well as luminescence, is expected over this range
induce any spectral changes. As the applied bias is decreaseflbiases due to the thermal broadening of the Fermi distri-
from its open circuit value, however, several things happenbution.
First, the peaks disappear one by one, starting from the high- We attribute most of the observed energy shifts to the
energy side. Second, the spectral features shift towardguantum-confined Stark effect. The dashed line in Fig. 2 in-
higher energy. Third, when only a few lines are left, thedicates the calculated Stark shift, obtained by extending the
broad features are replaced by a multitude of very sharg-bandk-p calculations of Pryoet al® to include an electric
peaks, each having a linewidth smaller than the spectral resdield. The electric field for a given bias was estimated by
lution. The PL is quenched for negative biagesative to the  assuming an ideal Schottky diode. For clarity, a constant en-
Schottky metal smaller than approximately- 1 V. ergy term has been added to the calculated curve. In addition

The first observation, the disappearing high-energy peakso the electric-field-induced shift, the changing number of
strongly supports the assignment of these peaks as being doarriers in the QD can induce a shift via Coulomb and ex-
to excess electrons in the QD. As the bias is made morehange interaction$.It is interesting to note the blue shift of
negative, the quasi-Fermi level is lowered relative to the conthe PL with increasing electric field. This is in contrast to
duction band, thereby depopulating the higher electro@QWs where the PL is generally red shifted due to the
states. This makes it possible to control the number of elecelectric-field-induced separation of the electrons and holes.
trons in the dot via the external potential. In the case of the fully developed InP QD, the hole is con-

A related experimental observation is the bleaching offined by a strain-induced potential minimum at the base of
PLE excitation processes when the excited electron states atiee pyramid-shaped QBThe direction of the electric field in
occupied. It has previously been shown that there is a minathe present configuration is such that also the electron will
contribution to the PLE signal for excitation energies within bepushed to the bottom of the pyramid. The main effect of
the energy range where there is PL emis$idinis observa- the electric field is, therefore, an increase of the electron
tion is easily explained if the emission originates from occu-confine-ment, resulting in the observed blue shift. An asym-
pied states, since there can be no absorption, and thus meetric quantum-confined Stark shift has, however, previ-
PLE signal, unless the photon energy is high enough to exeusly been reported for InAlAs/AIGaA% and InAs/GaAs
cite an electron to an unoccupied state. However, if an occu@Ds®
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The most surprising result of the bias-dependent PL is the The large number of sharp lines is very intriguing. The
sudden appearance of sharp lines. This occurs approximatetypical spacing between the peaks agree rather well with the
at the bias when the last of the disappearing high-energy Pénergy spacing of the confined hole states. Hence we may be
peaks is quenched. A recent paSeeports a similar transi- observing multiple recombination events, each one involving
tion from broad to sharp peaks for unbiased samples as thgsingle hole, occupying one of several different hole levels,
temperature is increased to about 40 K. Based on the simufecombining with the single electron remaining in the dot
taneous decrease of the wetting-layer luminescence, the aynder these conditions. To exclude the possibility of multiple
thors suggest that the apparent broadening is caused by dyples in the dot, we have decreased the excitation power
namic fluctuations in the charge configuration of theyengity as far as we can but we always observe a multitude

environment. For our samples, we do not observe sharp liN&s jines The fact that the luminescence of the sharp lines is
from the fully developed QDs at any temperature up to 30Q

K, unless we apply a reverse bias. Since the partially devel§pread over about 34 meV, considerably more than the

oped dots, present in the same sample, have sharp lines at ggasured KT of 1 meV, would then indicate a nonthermal

biases, we do not favor an explanation based on dynamic tribution OT the holes. .
. ) . In conclusion, we have shown that the multitude of broad
fluctuations in the environment. Instead, we propose that th

large PL linewidth observed under unbiased conditions isﬁnes in the emission spectra from large InP quantum dots

S : originates from charges accumulated in the dot. The reason
due to a short dephasing tinig,, X’ when multiple electrons o9 g

occuny the dot. A reduction ifi. is expected in such a case for this is the relatively large size of the dots and the fact that
Py : 2 P ’. the host material is weakly type. In addition, we have dem-

duelctio C?ullomrl]:) Interaction bet]:/veﬁn thlg eIeCtrOQS'dTh'%nstrated the possibility to tune a quantum dot from a single-
\c/jvoul explain the appearance of sharp lines as the dot Iﬁarticle configuration, via few particles, to a multiparticle
epleted at hl_gh reverse bl_as. A ®f the order of a few ps _configuration by using an external bias.

would result in a broadening of about 0.1 meV, approxi-
mately the spacing between the sharp lines, enough to smear We acknowledge the growth and processing of the
a group of sharp lines into one broad peak. What we observeamples by W. Seifert, N. Carlsson, and M. Graczyk. This
as a peak under unbiased conditions is thus the envelope ofwenrk was supported by the Knut and Alice Wallenberg Foun-
group of broadened lines. Further experiments are, howevedation, the Swedish Natural Science Research Council, the
needed to conclusively show that the linewidth is determinedwedish Foundation for Strategic Research, and the Swedish
by the dephasing time. Research Council for Engineering Sciences.
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