
PHYSICAL REVIEW B, VOLUME 63, 233301
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 growth on Ga0.5In0.5P. 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 higher~state-filled!
levels.
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Measurements involving large numbers of quantum d
are subject to ensemble averaging, and hence importan
formation about the dots is lost. By growing samples w
low quantum dot densities where the average spacin
larger than the optical resolution~around 1 mm), individual
dots can be investigated using micro photoluminesce
(mPL). Such single-dot studies have revealed sharp line1–6

and few-particle effects,6 as well as unexpected behavio
such as emission intermittency7–10 and phonon-assiste
absorption.11 It has even been possible to measure the em
sion lifetimes of single InP quantum dots.2,12

While PL provides information about electronic ener
levels, the polarization of the emitted light reveals additio
information about the electronic states. In particular, the
larization depends on the symmetry of the wave functi
and thus provides indirect information about the geome
symmetries of the dot. Polarized PL measurements h
been reported for individual GaAs/AlxGa12xAs quantum
dots consisting of monolayer thickness fluctuations in
quantum well.13,14 Also, polarized PL measurements o
InAs/GaAs dots have been reported for ensembles
dots15,16 as well as for single dots.17 Comparison with calcu-
lations show the observed polarization anisotropy to be c
sistent with the dots being elongated along the@11̄0#
direction.15 InAs dots grown on~311! surfaces have bee
reported with arrowheadlike shapes and correspond
macro-PL polarization.18 In contrast to InAs/GaAs dots, th
shape of metal-organic vapor phase epitaxy~MOVPE!
grown InP/GaxIn12xP dots is well characterized.19 Polarized
PL measurements are needed, however, to probe the s
ture of the valence band states, which are expected to
localized near the bottom of the dot, and in the barrier ab
it.20

In this report, we give measurements and calculations
the luminescence polarization of single InP quantum d
We find that the emission is mainly polarized along the el
gation axis of the quantum dot. The magnitude of the po
ization anisotropy is similar to calculated values. We ha
looked for contribution from ordering in the GaxIn12xP to
the polarization anisotropy of the dots but find this to
negligible.

The sample was grown by MOVPE at 580 °C, below t
optimal temperature for ordering~around 650 °C).21 First, a
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300 nm thick layer of GaxIn12xP was deposited. The quan
tum dots~QD’s! were obtained by depositing 2.4 monolaye
of InP, a growth interrupt of 12 s followed, the sample w
then capped by 300 nm of GaxIn12xP.

Atomic force microscopy~AFM! imaging of similar un-
capped InP quantum dots shows an elongation in the@110#
direction22 and is confirmed on capped samples by transm
sion electron microscopy.19 AFM shows that about 90% o
the QD’s are elongated in the@110# direction. The fully de-
veloped dots are typically 15 nm high and 60340 nm at the
base. The growth method and conditions affect the orien
tion of the InP quantum dots,23,24 with CBE grown dots

showing elongation in the@11̄0# direction and MOVPE-
grown dots showing elongation in the@110# direction.

The sample was placed in a liquid helium cryostat, a
the luminescence was collected using a microscope ob
tive; the excitation source was a frequency-doubled Nd
trium aluminum garnet~YAG! laser emitting at 532 nm and
was focused on the sample to a diameter of about 100mm.
All measurements were obtained at a temperature of 7 K.
polarization-dependent PL, a birefringent calcite crystal w
placed between the microscope and a monochromator
sulting in a sufficient displacement between the two eme
ing polarized beams to allow easy simultaneous meas
ment of the emission intensity in the@110# and @11̄0#
directions, corresponding to the short and long axis of
dots. The spectral resolution of the system was about
meV. Conventional polarizers were used to study the ang
dependence. The spectra were detected with a cooled ch
coupled device~CCD! camera. The excitation power densi
was of the order of 3 W cm2 for below state-filling experi-
ments, yielding a typical integration time of 120 s. The sy
tem response was carefully calibrated using an unpolar
light source in the cryostat. In addition, the sample was
tated 90° and the experiment was repeated on the same
It was therefore confirmed that the polarization anisotro
was not dependent on the sample orientation in the cryo

In Fig. 1, we present emission spectra of single dots
different polarization directions, obtained under low exci
tion power density. We note that even under low excitat
the dots emit more than one single line, as previou
reported.2,12 The separation between the lines is in agreem
with the expected separation of the electron states but m
©2001 The American Physical Society01-1
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FIG. 1. ~a! Single-dot polar-
ized photoluminescence spect

along the@110# and @11̄0# direc-
tion. The inset is a sketch of a
typical fully grown InP quantum
dot elongated in the@110# direc-
tion. ~b! Another single-dot spec-
tra taken in a different region o
the same sample. The inset show
the polarization of different lines.
~c! GaxIn12xP and wetting layer
PL from the region where~a! was
measured.~d! GaxIn12xP PL from
the region where~b! was mea-
sured.
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larger than the expected separation of hole states.20 We thus
attribute the lines to transitions involving different electr
states. The emission is polarized along the@110# direction.
We note, however, that a few dots did not follow this patte
in agreement with the AFM results, which shows that ab
10% of the dots have irregular shapes. The polarization
the luminescence from the GaxIn12xP barrier was found to
be strongly dependent on the location on the sample@Figs.
1~c! and 1~d!#, indicating strong local fluctuation in th
GaxIn12xP ordering. It is commonly observed that diso
dered GaxIn12xP has a narrower luminescence linewid
than ordered GaxIn12xP and that the emission energy
lower for ordered GaxIn12xP.21 This is usually explained by
domain formation in the ordered phase, giving fluctuations
the transition energy.21 These strong ordering fluctuation
enabled the study of similar single quantum dots in differ
environments@Figs. 1~a! and 1~b!#. The GaxIn12xP polariza-
tion anisotropy was not found to be correlated with the p
larization anisotropy of the quantum dots.

Figure 2 shows single-dot spectra obtained under low
high excitation intensity, with clearly visible state-filling e
fects. We observe that the state-filled levels have a somew
lower degree of polarization anisotropy than the lower sta

We have performed calculations of the dipole matrix e
ment between the lowest hole state and different elec
23330
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levels for different polarization directions of the emitte
light. The calculations shown in Fig. 2~b! were made with a
six-bandk•p theory taking strain, piezoelectric polarizatio
and the exact dot geometry into account.20 The calculations
show the existence of two types of hole states, denoteA
states andB states.20 TheA states are localized near the ba
of the pyramid while theB states are localized near the top
the pyramid~and have a higher energy than theA states!.
The electrons are localized centrally in the dots. As can
seen in Fig. 2~b! the polarization of transitions involvingA
states is mainly along the@110# direction, in agreement with
the experiment, while theB states are polarized in the o
thogonal direction. Thus we conclude thatA states are in-
volved in the observed transitions.

In Fig. 3, we show the macrophotoluminescence polari
tion for a large number of quantum dots measured on
same sample. The bulk GaAs signal~not shown! is unpolar-

ized while the QD emission along the@11̄0# polarization
direction has a lower intensity~4 times weaker! than in the
@110# direction. This polarization dependence is in agre
ment with the single-dot results obtained on the same sam
and shown in Fig. 1.

Calculations show that electrons are confined inside
QD, while the lowest-energy hole state is located at the b
1-2
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FIG. 2. ~a! Single-dot spectra taken under different excitati
intensities.~b! Calculations:A states show a dominant polarizatio

along the@11̄0# direction, while theB states show a dominan
polarization along the@110# direction. The hole state involved in th
transition is thus attributed toA states.
re
R,

23330
and is elongated in the@110# direction (A states!.20 It can
therefore be expected that luminescence will be polarize
the @110# direction. In the case of InP dots, the polarizati
can be attributed to the elongation of the hole wave fu
tions. Since the dielectric constants are nearly the same
the dot and the barrier material, a depolarizing field induc
by charges at the interfaces cannot be the cause of
polarization.25 A possible origin of the polarization aniso
ropy could be the barrier material. The GaxIn12xP alloy is
often ordered in a CuPt structure.26 Experiments by Sugisak
et al.23 have indeed shown a strong correlation between
polarization and GaxIn12xP ordering. In contrast, we did no
observe any correlation between the ordering of
GaxIn12xP and the polarization anisotropy of the dots~Fig.
1!. The experiments are not directly comparable since
growth technique used by Sugisakiet al. was CBE, which
produces differently shaped dots. The shapes of CBE gro
dots may be governed by the ordering characteristics of
GaxIn12xP barrier layer. One difficulty in experiments o
quantum dots is the lack of knowledge about the degree
intermixing in the quantum dots, which may be of impo
tance. The dots measured by Sugisakiet al.23 had a lesser
degree of shape anisotropy than our dots and had a heig
5 nm in contrast to our dots, which are 15 nm in heig
From this comparison we draw the conclusion that if bo
the shape anisotropy and the sizes are small, polariza
anisotropy of the photoluminescence may be induced by
dering in the matrix but not otherwise.

The geometrical anisotropy of self-assembled quant
dots is thus reflected in the photoluminescence and co
prove useful for optimization of lasers with quantum do
incorporated as the active material.27,28 Six-bandk•p calcu-
lations are in agreement with the measurements and re
that the holes are confined in the quantum dots.

In summary, we have measured the photoluminesce
polarization on single InP quantum dots. The polarization
attributed to geometrical effects, related to the elongation
the dots, in agreement with calculations.

This work was performed within the Nanometer Structu
Consortium in Lund, Sweden and was supported by NF
TFR, NUTEK, and SSF.
-

a

FIG. 3. ~a! Polarized PL from
a large number of dots with polar

ization along the@11̄0# and@110#
directions. ~b! Polar plot of the
polarized PL peak intensity as
function of the polarizer angle.
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