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Photoluminescence polarization of single InP quantum dots
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The linear polarization dependence of photoluminescence emission was measured on single self-assembled
InP quantum dots. The dots were obtained by Stranski-Krastanow growthging#. The highest-intensity
emission occurred for light polarized parallel to the elongation of the dots in agreement with theoretical
calculations. The excitation intensity was varied to obtain the polarization dependence of (sigkefilled
levels.
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Measurements involving large numbers of quantum dot800 nm thick layer of Gdn,_,P was deposited. The quan-
are subject to ensemble averaging, and hence important ifum dots(QD’s) were obtained by depositing 2.4 monolayers
formation about the dots is lost. By growing samples withof InP, a growth interrupt of 12 s followed, the sample was
low quantum dot densities where the average spacing ithen capped by 300 nm of @a;_,P.
larger than the optical resolutiqgaround 1 xm), individual Atomic force microscopyAFM) imaging of similar un-
dots can be investigated using micro photoluminescenceapped InP quantum dots shows an elongation in[ 116
(#PL). Such single-dot studies have revealed sharpfiifies directiorf? and is confirmed on capped samples by transmis-
and few-particle effect$,as well as unexpected behavior, sion electron microscoplf. AFM shows that about 90% of
such as emission intermittericy® and phonon-assisted the QD’s are elongated in tHa10] direction. The fully de-
absorption'! It has even been possible to measure the emisyeloped dots are typically 15 nm high and>680 nm at the
sion lifetimes of single InP quantum dots base. The growth method and conditions affect the orienta-

While PL provides information about electronic energytion of the InP quantum dofs;** with CBE grown dots

levels, the polarization of the emitted light reveals additionalshowing elongation in thélTO] direction and MOVPE-

information about the electronic states. In particular, the POyrown dots showing elongation in thi10] direction.

larization depends on the symmetry of the wave function,” The sample was placed in a liquid helium cryostat, and
and thus provides indirect information about the geometrighe |yminescence was collected using a microscope objec-
symmetries of the dot. Polarized PL measurements havgye; the excitation source was a frequency-doubled Nd:yt-
been reported for individual GaAs/&ba;_,As quantum  trium aluminum garnetYAG) laser emitting at 532 nm and
dots consisting of monolayer thickness fluctuations in awyas focused on the sample to a diameter of about 400.
quantum welf*'* Also, polarized PL measurements on All measurements were obtained at a temperature of 7 K. For
InAs/GaAs dots have been reported for ensembles opolarization-dependent PL, a birefringent calcite crystal was
dots™*®as well as for single dot¥. Comparison with calcu- placed between the microscope and a monochromator, re-
lations show the observed polarization anisotropy to be consulting in a sufficient displacement between the two emerg-
sistent with the dots being elongated along tfe10]  ing polarized beams to allow easy simultaneous measure-
direction’® InAs dots grown on(311) surfaces have been ment of the emission intensity in thEl10] and [110]
reported with arrowheadlike shapes and correspondindirections, corresponding to the short and long axis of the
macro-PL polarizatiof® In contrast to InAs/GaAs dots, the dots. The spectral resolution of the system was about 0.1
shape of metal-organic vapor phase epitaiyOVPE) meV. Conventional polarizers were used to study the angular
grown InP/Galn, _,P dots is well characterizéd.Polarized  dependence. The spectra were detected with a cooled charge-
PL measurements are needed, however, to probe the struseupled devicdCCD) camera. The excitation power density
ture of the valence band states, which are expected to hgas of the order of 3 W chfor below state-filling experi-
localized near the bottom of the dot, and in the barrier abovenents, yielding a typical integration time of 120 s. The sys-
it.20 tem response was carefully calibrated using an unpolarized
In this report, we give measurements and calculations ofight source in the cryostat. In addition, the sample was ro-
the luminescence polarization of single InP quantum dotstated 90° and the experiment was repeated on the same dots.
We find that the emission is mainly polarized along the elon4t was therefore confirmed that the polarization anisotropy
gation axis of the quantum dot. The magnitude of the polarwas not dependent on the sample orientation in the cryostat.
ization anisotropy is similar to calculated values. We have In Fig. 1, we present emission spectra of single dots for
looked for contribution from ordering in the @a;_,P to  different polarization directions, obtained under low excita-
the polarization anisotropy of the dots but find this to betion power density. We note that even under low excitation
negligible. the dots emit more than one single line, as previously
The sample was grown by MOVPE at 580 °C, below thereportec?'? The separation between the lines is in agreement
optimal temperature for orderinground 650 °C¥! First, a  with the expected separation of the electron states but much
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FIG. 1. (a) Single-dot polar-
ized photoluminescence spectra
along the[110] and[110] direc-
tion. The inset is a sketch of a

| i : e i i typical fully grown InP quantum
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tra taken in a different region of
—[110] (¢) (d) the same sample. The inset shows
""""" [110] i the polarization of different lines.
(48 (c) Galn;_,P and wetting layer
PL from the region wher¢a) was
measured(d) Galn;_,P PL from
the region where(b) was mea-
sured.
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larger than the expected separation of hole stit®¢e thus levels for different polarization directions of the emitted
attribute the lines to transitions involving different electron light. The calculations shown in Fig([® were made with a
states. The emission is polarized along [h&0] direction.  six-bandk- p theory taking strain, piezoelectric polarization,
We note, however, that a few dots did not follow this pattern,and the exact dot geometry into accotthfThe calculations

in agreement with the AFM results, which shows that aboushow the existence of two types of hole states, dendted
10% of the dots have irregular shapes. The polarization oétates and state<® The A states are localized near the base
the luminescence from the @, _,P barrier was found to  of the pyramid while thé states are localized near the top of
be strongly dependent on the location on the sarfiigs.  he pyramid(and have a higher energy than thestates.
1(c) and d)], indicating strong local fluctuation in the The electrons are localized centrally in the dots. As can be
Galn, P ordering. It is commonly observed that disor- seen in Fig. gh) the polarization of transitions involving
dered Gan, P has a narrower Iumme;cgnce I|neW|d.th states is mainly along tHe.10] direction, in agreement with
than ordered Gan,_P and that the emission energy is the experiment, while th® states are polarized in the or-

Iower.for orde(ed Q,anl_XP. This is usua}lly explameq by . thogonal direction. Thus we conclude thatstates are in-
domain formation in the ordered phase, giving fluctuations in

the transition energ§/1. These strong ordering fluctuations volved in the observed transitions.

enabled the study of similar single quantum dots in differen'g[_ Ian'g‘ 3| we showt;[he rr;acrop?otolgn:mescence 30Ia”§§'
environmentgFigs. 1@ and 1b)]. The Galn,;_,P polariza- lon Tor a largé number of quantum dots measured on the

tion anisotropy was not found to be correlated with the po_same sample. The bulk GaAs sigriabt s@wa is unpolar-
larization anisotropy of the quantum dots. ized while the QD emission along tHe.10] polarization

Figure 2 shows single-dot spectra obtained under low andirection has a lower intensiti4 times weakerthan in the
high excitation intensity, with clearly visible state-filling ef- [110] direction. This polarization dependence is in agree-
fects. We observe that the state-filled levels have a somewhatent with the single-dot results obtained on the same sample
lower degree of polarization anisotropy than the lower statesand shown in Fig. 1.

We have performed calculations of the dipole matrix ele- Calculations show that electrons are confined inside the
ment between the lowest hole state and different electro@D, while the lowest-energy hole state is located at the base
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and is elongated in thgl10] direction (A state$.?° It can
therefore be expected that luminescence will be polarized in
the[110] direction. In the case of InP dots, the polarization
can be attributed to the elongation of the hole wave func-
tions. Since the dielectric constants are nearly the same for
the dot and the barrier material, a depolarizing field induced
by charges at the interfaces cannot be the cause of the
polarization?® A possible origin of the polarization anisot-
ropy could be the barrier material. The Bg _,P alloy is
often ordered in a CuPt structui#f®Experiments by Sugisaki

et al?® have indeed shown a strong correlation between dot
polarization and Ggn; _,P ordering. In contrast, we did not
observe any correlation between the ordering of the
Galn,;_,P and the polarization anisotropy of the d@fsg.

1). The experiments are not directly comparable since the
growth technique used by Sugisadd al. was CBE, which
produces differently shaped dots. The shapes of CBE grown
dots may be governed by the ordering characteristics of the
Galn;_,P barrier layer. One difficulty in experiments on
quantum dots is the lack of knowledge about the degree of
intermixing in the quantum dots, which may be of impor-
tance. The dots measured by Sugisakial?® had a lesser
degree of shape anisotropy than our dots and had a height of
5 nm in contrast to our dots, which are 15 nm in height.
From this comparison we draw the conclusion that if both
the shape anisotropy and the sizes are small, polarization
anisotropy of the photoluminescence may be induced by or-
dering in the matrix but not otherwise.

The geometrical anisotropy of self-assembled quantum
dots is thus reflected in the photoluminescence and could
prove useful for optimization of lasers with quantum dots
incorporated as the active materi&f® Six-bandk - p calcu-
lations are in agreement with the measurements and reveal

FIG. 2. (a) Single-dot spectra taken under different excitation tht the holes are confined in the quantum dots.

intensities.(b) CalculationsA states show a dominant polarization

In summary, we have measured the photoluminescence

along the[110] direction, while theB states show a dominant 5|arization on single InP quantum dots. The polarization is

polarization along thg110] direction. The hole state involved in the

transition is thus attributed tA states.
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attributed to geometrical effects, related to the elongation of
the dots, in agreement with calculations.
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FIG. 3. (a) Polarized PL from
a large number of dots with polar-

ization along thd 110] and[110]

directions. (b) Polar plot of the
polarized PL peak intensity as a
function of the polarizer angle.
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