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Optical anisotropy in individual CdS quantum dot ensembles

Jifa Qi,* Chuanbin Mao, John M. White, and Angela M. Belcher
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~Received 23 December 2002; revised manuscript received 30 April 2003; published 24 September 2003!

The polarized microphotoluminescence~PL! spectroscopy of individual spherical and rod-shaped CdS quan-
tum dot~QD! ensembles has been investigated. In a spherical QD ensemble, optical anisotropy was observed
despite the spherical shapes of both the ensemble and individual QD components. The directions of the
maximum linearly polarized PL were different for different spherical QD ensembles, and independent on the
polarization direction of the excitation. However, for a fixed polarization direction of PL, the PL yield signifi-
cantly varied with the polarization direction of the excitation. In a rod-shaped QD ensemble, the direction of
maximum polarized PL was observed to be perpendicular to the length direction of the rod, regardless of the
polarization direction of the excitation. The observed PL anisotropies in individual spherical and rod-shaped
QD ensembles are explained in terms of the crystallographic orientation of the individual QD components that
make up the ensemble and obey the linear polarization selection rules. A statistic model is proposed to
qualitatively describe the degree of polarization based on a three-dimensional crystallographic orientation of
QDs with respect to the directions of excitation and observation.

DOI: 10.1103/PhysRevB.68.125319 PACS number~s!: 78.67.Hc, 77.22.Ej, 78.55.Et
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I. INTRODUCTION

Zero-dimensional semiconductor quantum dots~QD’s!,
which can be considered as artificial atoms, have attra
considerable attention during the past decade for both
interests of fundamental physics and prospect
applications.1–3 It is well known that the inhomogeneities i
sizes and shapes of the QD’s are the causes of the op
spectral broadening of QD ensembles, since the energ
eigenstate in a QD strongly depends on the QD’s size
shape. In fact, all the physical properties of a QD ensem
are measured as the average of the characteristic prope
over all individual QD’s. As a result, information about th
individual components of the ensemble is obscured. Jus
the shapes and sizes of the individual components are im
tant factors in dealing with the physical properties of the Q
ensemble, the crystallographic orientation of the individ
QD’s, in particular, preferential orientation of individua
QD’s is important for the study of optical anisotropy. Th
optical anisotropies of a QD ensemble with oriented in
vidual QD’s are different from those with randomly oriente
individual QD’s. For example, a spontaneous polarizat
has been theoretically predicted in an ideally oriented
crystal.4,5

While photoluminescence~PL! provides information
about electronic energy levels, the polarization of the emit
light reveals additional information about the electron
states. In bulk semiconductors, the study of polarization
PL has been an efficient tool for obtaining information abo
the symmetry of emission states and on the relaxation
cess of excited carriers. The optical anisotropy of individ
QDs can be due to either their non-cubic crystalline struct
or to their nonspherical shape, since the polarization depe
on the symmetry of the wave function. Many polarized
studies have been performed for individual quantum dots6–9

and ensembles of dots.10–12 Because the optical transitio
dipole of a QD has three-dimensional orientation with
spect to the excitation light and observation, a thr
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dimensional probe of polarized emission from a single Q
has been reported recently.8,9 Similarly, the polarized emis-
sion from a QD ensemble is also a three-dimensional pr
lem, that the crystallographic axis of each individual is thre
dimensionally oriented with respect to the excitation a
observation directions. In fact, the reported degree of po
ization~DP! of a QD ensemble is usually smaller than that
a single QD. This is because that in a QD system with a la
number of QD’s, the DP is measured as an average resu
all individual QD directions for both the excitation and th
emission process. In addition, the anisotropic shape of
ensemble of closely packed QD’s may also contribute to
optical anisotropy.13 Therefore, it is worthwhile to investi-
gate the optical anisotropy in specifically shaped QD
sembles in order to understand the involved physical p
cesses.

In this paper, we present experimental PL observations
individual QD ensembles comprised of;2.5 nm diameter
spherical quantum dots of CdS. The ensembles are th
selves either spherical~100 to 300 nm diameter! or rod
shaped. For a given spherical ensemble the PL is anisotr
and the anisotropy is independent of the polarization of
optical excitation. Rod-shaped ensembles exhibit a ma
mum PL intensity in the direction perpendicular to the lo
axis of the ensemble, independent of the incident polar
tion. The results are consistent with preferential crysta
graphic orientation of individual QD’s within a given en
semble.

II. EXPERIMENTAL

A. CdS QD ensembles and TEM characterizations

The spherical and rod-shaped CdS QD ensemble sam
used in the present work were prepared by a novel cold tr
ment process that provided control over the shapes of
closely packed QD ensembles independent of the kinds
II-VI materials. The spherical CdS QD ensembles we
formed by the solidification of CdS QD solution a
©2003 The American Physical Society19-1
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225 °C, while the rod-shaped QD ensembles were form
by aging the CdS solution at 0 °C. Details about the sam
preparation were reported in Ref. 14. The transmission e
tron microscopy~TEM! characterizations were performed o
a field emission electron microscope~JEOL product JEM-
2010F! operating at 200 kV. The TEM samples were pr
pared by dispersing spherical or rod-shaped CdS QD
sembles on a carbon film supported grid.

Figure 1 shows the TEM images, electron diffracti
~ED! patterns and scanning TEM~STEM! images of spheri-
cal and rod-shaped QD ensembles. The bright field T
image of the spherical QD ensembles@Fig. 1~a!# shows the
diameter of the individual spherical QD ensembles rang
from 110 to 300 nm, and the average size being 170
Figure 1~c! shows a STEM image of a part of an individu
spherical QD ensemble. STEM observation indicates that
QD ensembles were formed by almost spherical nanocrys
with the aspect ratios of;1.0–1.1 and an average diamet
of 2.5 nm. The interdot center distances were;3 –4 nm. ED

FIG. 1. ~a! TEM bright field image of spherical QD ensemble
~b! ED pattern of an individual spherical QD ensemble showing
preferential orientation.~c! High magnification, high angle annula
dark field ~HAADF! STEM image of the spherical QD ensemb
showing the nanocrystalline structure of the sphere.~d! TEM bright
field of rod-shaped QD ensembles.~e! ED pattern of an individual
rod-shaped QD ensemble, suggesting a preferential orientation
c axis parallel to the rod length direction, two reciprocal vectors
~002! and~101! from one single crystal are shown with arrows.~f!
High magnification HAADF STEM image of the rod-shaped Q
ensemble.
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patterns taken from an individual ensemble@Fig. 1~b!#
clearly show that the QD’s inside a spherical ensemble w
wurtzite structured and their crystallographic axes were p
erentially oriented. Figure 1~d! shows a low magnification
TEM image of several rod-shaped QD ensembles with
length ranging from 150 to 200 nm and a mean width of
nm. ED patterns taken from an individual rod@Fig. 1~e!#
show that the rod consisted of the wurtzite structured C
QD’s that were preferentially oriented with their@001# axis
parallel to the rod length direction. The arrows in the E
pattern denote the reciprocal vectors corresponding to
crystallographic planes~101!, ~002! of one QD with @001#
parallel to the rod. Figure 1~f! shows a STEM image take
from an individual rod, indicating that the rod was made
of closely packed QD’s.

B. PL measurements

PL measurements were performed on the QD ensem
transferred onto a silicon~100! wafer. The silicon wafer with
QD ensembles was mounted in a continuous-flow liquid-
cryostat. The linearly polarized second harmonic wave o
mode locked Ti:sapphire laser with 5-ps pulse width w
used as the excitation source. A half-wave plate was use
rotate the polarization direction of the laser beam. A conv
tional far-field micro-PL system was used to collect the
signal. The emitted light was collected through a micr
objective and a polarization analyzer. The PL light was d
tected by an Acton 0.5 m monochromator equipped with
liquid-nitrogen-cooled charge-coupled-device~CCD! array
detector mounted on the exit port of the imaging sp
trograph. A depolarizer was placed in front of the entran
slit of the monochromator in order to cancel out the pol
ization dependent response of the monochromator and
detector. All measurements were repeatedly taken on
same QD ensembles and all PL spectra were corrected
the spectral response of the apparatus. The resolution o
PL emission spectra is 0.1 meV. The sample was excited w
3.5 eV light with an intensity of about 200 mW/cm2 at 5 to
7 K.

III. RESULTS AND DISCUSSION

A. Optical anisotropic properties in individual
spherical QD ensembles

Typical optical absorption spectra of spherical QD e
sembles at room temperature are shown in Fig. 2. The op
absorption band edge of spherical QD ensembles shifted
higher energy compared with that of bulk CdS material (Eg
52.43 eV at room temperature!. The blueshift of the absorp
tion spectrum suggests the optical absorption spectroscop
QD ensembles is dominated by the nanometer-sized cons
ent particles. This agrees with previous observations on o
QD ensemble systems.15 The PL spectrum of a single spher
cal QD ensemble consisted of a broad emission band wi
width of 0.6 eV at half maximum~Fig. 2!. The asymmetric
shape of the PL spectra and the broad emission band
gested that the PL emission processes of the QD ense
were complicated. The PL emissions at the higher ene
side, corresponding to the PL spectral peak, originate pri
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rily from the transitions of confined excited carriers. The
emissions at the lower energy region, corresponding to
PL spectral tail, arise from the radiative transition at surfa
trap sites. Consequently, the broad PL emission band re
from effects of the inhomogeneous size distribution
QD’s,16,17 the radiative transitions of surface trap states, a
the interdot coupling of the closely packed QD’s. A lar
Stokes shift of the emission band from the absorption e
was observed in the sample~Fig. 2!. In addition to the gen-
eral reason that the electron-phonon coupling effect cau
the Stokes shift, the interaction between the QD’s may a
contribute to this additional red shift. The emission peak
ergy of the coupled QD’s was reported to be lower than t
of the well-isolated QD’s.15,17,18

Since the QD’s are wurtzite structured and preferentia
oriented in the spherical QD ensemble, optical anisotrop
expected in the sample. Figure 3~a! shows the linearly polar-
ized PL spectra of a single spherical QD ensemble dete

FIG. 2. Typical optical absorption spectrum~thin line! of a CdS
spherical QD ensemble sample and the PL spectrum~thick line! of
a spherical CdS QD ensemble at room temperature.

FIG. 3. ~a! Micro-PL spectra of a spherical CdS QD ensemble
~XX! and ~XY! polarization directions, respectively.~b! Degree of
polarization of the PL spectra shown in the~a!. ~c! Micro-PL spec-
tra of a spherical QD ensemble at~YX! and~YY! polarization direc-
tions, respectively.~d! Degree of polarization of the PL spectr
shown in~c!.
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for polarization parallel~XX! and perpendicular~XY! to that
of the excitation light. Figure 3~c! shows the linearly polar-
ized PL spectra of the components~YX! and ~YY!. In the
denotations, the first and second coordinate represent the
ear polarization direction of the excitation light and the P
light, respectively. Thez-axis direction is parallel to the pro
gression direction of the laser and the luminescence col
tion when using the confocal measuring mode. It is clea
seen that the PL yields at a given energy position varied w
the polarization directions of the excitation and emiss
@Figs. 3~a! and 3~c!#. Figures 3~b! and 3~d! show the DP of
the emission from the QD ensemble as a function of

FIG. 4. ~a! Polar plots of the integrated polarized-PL intensiti
in a spectral range from 2.516 to 3.046 eV from a spherical
ensemble under a linearly polarized excitation in theX direction
~squares! andY direction ~circles!. ~b! Polar plots of the integrated
polarized-PL intensities from different spherical QD ensembles
der the linearly polarized excitation in theX direction. The PL in-
tensities were integrated in a spectral range from 2.516 to 3.046
and normalized to their maximum polarized intensities. The lin
are to guide the eye.~c! Polar plots of the polarized-PL intensities
2.866 eV ~squares! and 2.128 eV~circles! from a spherical QD
ensemble under the linearly polarized excitation in theY direction.
9-3
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emission energy. These results show that the PL of
spherical QD ensemble was optically anisotropic. The ori
of the polarization does not come from the geometric sha
of the individual QD’s and the ensemble, but the preferen
orientation of the wurtzite structured QD’s. It is known th
there are three valence bandsG9(A), G7(B), andG7(C) in
wurtzite structured CdS ofC6v symmetry. The electric dipole
transition between theG9(A) andG7 conduction band is al-
lowed only forE'c polarized light. The electric dipole tran
sition between theG7(B,C) valence bands andG7 conduc-
tion band is allowed for bothE'c and Eic. Here,c is the
crystallographic axis andE is the electric field of light. The
selection rule determines the polarization behavior of b
CdS, also that of individual spherical CdS QD’s. The opti
anisotropy in a spherical CdS QD arises from the anisotr
of transition dipole moments forE'c and Eic polarized
light. Thus, the observed optical anisotropy in a spher
QD ensemble is considered as the average effect of all i
vidual QD’s.

To understand how the optical anisotropy in an individu
QD affects the optical anisotropy in a QD ensemble,
polarized PL spectroscopy of individual spherical QD e
sembles was investigated in detail. Figure 4~a! shows the
polar plots of integrated PL intensities detected at differ
polarization directions from an individual spherical QD e
semble. The PL intensities were integrated in a spectral ra
from 2.516 to 3.046 eV, where the dominant emissions w
due to the confined carriers. Two closed curves describe
polarized PL intensity as the function of polarization dire
tion when excited by polarized light inX ~circles! and Y
~squares! direction. Obviously, the maximum of polarized P
intensities were in the same direction regardless of the e
tation polarization direction. The polarized PL intensities a
fixed polarization direction varied with the polarization d
rection of the excitation. In addition, the directions of t
maximum PL intensities were different for different spheric
QD ensembles@Fig. 4~b!#, which is considered to be due t
the different preferential orientation direction of each in
vidual ensemble with respect to observation.

Note all the data shown in Fig. 4~b! was collected from
the spherical QD ensembles on the same substrate, w
were synthesized by the same procedures. This leads o
believe that the QD’s in those individual ensembles have
same orientation distribution. The difference of the DP v
t
o
c

be
tia
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ues shown in Fig. 4~b! can be considered resultant of the fa
that the experimental geometry is different for each in
vidual spherical QD ensemble.

Here, we introduce a simple statistic model to describe
three-dimensional optical anisotropic in QD ensembl
Since the absorption probability of a wurtzite structured Q
depends on the crystallographic orientation of the QD to
polarization direction of the excitation, QD’s of different or
entations in an ensemble are not equally excited. The em
sion from a QD excited by linearly polarized light is partial
polarized. In a QD ensemble, the DP is determined by
orientation relaxations of the excited carriers and the aver
over all individual QD directions for both the excitation an
the emission process. Assume the dipole oscillators of Q
are preferentially oriented inz-axis direction, the excitation
electric field is located in thexz plane with an angleg with
the z axis, and the observation is carried out in thexy plane
in direction of the angleb with they axis. The orientation of
an arbitrary oscillator is determined by the polar angleu and
the azimuthal anglew. The excitation electric field has th
form of E5(E sing,0,E cosg). The induced dipole momen
components are

px;„ p•E…sinu cosw, ~1!

py;„ p•E…sinu sinw, ~2!

pz;„ p•E…cosu. ~3!

Correspondingly, the components of the luminescence
tensity with the electric vector perpendicular to thexy plane
and parallel to this plane are

I i;^pz
2&;I';^px

2cos2b1py
2sin2b&. ~4!

Here,^F& is the average value of functionF, defined by

^F&5

E
0

2pE
0

p/2

F f ~u!sinududw

E
0

2pE
0

p/2

f ~u!sinududw

, ~5!

where f (u) is the probability that a QD emitter oriented
the angleu. The DP that is defined byP5(I i2I')/(I i
1I') is the function ofu,g andb, and is given by
P~u,g,b!5
^8 cos4u cos2g22 sin4u sin2g sin2b2sin4u sin2g24 sin2u cos2u cos 2g&

^8 cos4u cos2g12 sin4u sin2g sin2b14 sin2u cos2u1sin4u sin2g&
. ~6!
a-

ctra
p,
Therefore, the DP value of a QD ensemble depends on
crystallographic orientations of QD’s with respect to the p
larization direction of the excitation and observation dire
tion. The observation results of anisotropic PL emission
havior can be understood in terms of the preferen
he
-
-
-
l

orientations of the QD’s which agree with the TEM observ
tions.

As mentioned above, the asymmetric broad PL spe
with a long PL tail extending well below the bulk band ga
shown in Fig. 2 and Figs. 3~a! and 3~c!, are caused by the
9-4
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contributions of inhomogeneous sizes of QD’s and surf
traps. It is necessary to see the contributions of the carr
that are confined in QD’s and trapped by the surface defe
Figure 4~c! shows the polar plots of the polarized PL inte
sities at two representative energies of 2.866 and 2.128
where the dominant recombination processes were cause
the confined carriers and surface traps, respectively. O
ously, the maximum polarized PL intensities at different ph
ton energies were in the same direction, but the degree
polarization were different. The calculated DP values of
emission at 2.866 and 2.128 eV from Fig. 4~c! were 0.13 and
0.10, respectively. The difference in the values of DP s
gests that different origins of the emissions have differ
optical anisotropy. The polarization orientation of the em
sion from carriers at surface traps is understood by the
larization memory of the carriers, which relaxed to the s
face trap states from the core states. Due to the polariza
relaxation process, the degree of polarization of the emis
from the trap states is lower than that of core states.

Another physical process may have also made the p
lem of optical anisotropy in a QD ensemble complex, sin
the effect of electronic interactions between the QD’s ex
in a QD ensemble with closely packed QD’s.15,17–20Here, we
will discuss two different situations: the crystallographic d
rections of the QD components in an ensemble are ei
randomly oriented or preferentially oriented. If the ensem
consisted of randomly oriented and closely packed QD’s,
optical anisotropy may be observed in the ensemble.
optical anisotropy should show following behavior becau
of the symmetry and shape of the ensemble.~1! For a spheri-
cal QD ensemble, the direction of maximum of polarized
should depend on the polarization direction of excitation.~2!
For a rod-shaped QD ensemble, the maximum polarized
may be in the direction that parallel to the long axis direct
of rod, or depend on the direction of excitation, but never
normal to long axis direction of rod and independent of
excitation. Obviously, the first situation of the spherical Q
ensemble is contrary to above observation results. In n
section, we will show that the second situation of a ro
shaped QD ensemble is also contrary to the experime
observation. The facts support that the optical anisotrop
the spherical QD assembles is resultant of the crysta
graphic orientation of QD’s. In the case that QD compone
are oriented, the anisotropic electric dipole of coupled qu
tum dots can be considered as the sum of the contribution
all the individual QD components. The individual QD
should have different contributions to the electronic dipole
coupled dots in the ensemble due to their orientation dir
tions with respect to that of the excitation and the collecti

B. Optical anisotropy in individual rod-shaped QD ensembles

Above, we have described the optical anisotropy in in
vidual spherical QD ensembles, and attributed it to the cr
tallographic orientations of individual QD’s in the spheric
ensemble. Since the anisotropic shape of the ensemble
closely packed QD’s may also be the origin of optic
anisotropy,13 it is worthwhile to study the optical anisotrop
12531
e
rs
ts.

V,
by
i-
-
of
e

-
t
-
o-
-
on
n

b-
e
s

er
e
e
e

e

L

L

e
e

xt
-
tal
in
-

ts
-
of

f
c-
.

-
s-

ith
l

in a rod-shaped QD ensemble in order to understand
origin of the optical anisotropy in QD ensembles.

Figures 5~a! and 5~c! show the polarized micro-PL spectr
of a rod-shaped QD ensemble in~XX!, ~XY!, ~YX!, and~YY!
polarization directions respectively. Figures 5~b! and 5~d!
demonstrate the DP as the function of photon energy ca
lated based on the PL spectra shown in Figs. 5~a! and 5~c!.
Obviously, the polarized PL yields varied with the polariz
tion directions of the emission and the excitation. Therefo
the individual rod-shaped QD ensemble exhibits the an
tropic PL. Figure 6 shows the polar plots of the integrat
polarized-PL intensities from an individual rod-shaped e
semble under a linearly polarized excitation in thex-axis
direction ~squares! and in they-axis direction~circles!, re-

FIG. 5. ~a! Micro-PL spectra of rod-shaped QD ensemble
~XX! and ~XY! polarization directions respectively.~b! Degree of
polarization of the PL spectra shown in the~a!. ~c! Micro-PL spec-
tra of QD solid rod at~YX! and~YY! polarization directions, respec
tively. ~d! Degree of polarization of the PL spectra shown in~c!.

FIG. 6. Polar plots of the integrated polarized-PL intensit
from the same single rod-shaped QD ensemble of Fig. 5 und
linearly polarized excitation in theX direction~squares!, or perpen-
dicular to the rod-shaped QD ensemble, and in theY direction
~circles!, or parallel to the rod-shaped QD ensemble, respectiv
The lines are to guide the eye.
9-5



b-
o
ec
-
th
e
o

th

n
tu

od
t

e,
e
a
th
or

o
he

io

the
ble
n-

be-
me
om
s.
he
he

lline
di-

ble
ll
th

an
of

ials
M
eck

d

o,

.

tu

tl.

D
.

il-

tl.

.

Jr.,

ci-

,

,

QI, MAO, WHITE, AND BELCHER PHYSICAL REVIEW B68, 125319 ~2003!
spectively. The direction of maximum polarized PL is o
served to be perpendicular to the length direction of the r
It means that the polarized PL has its maximum in the dir
tion that is perpendicular toc axes of QD’s, since the crys
tallographicc axis was found to be parallel to the leng
direction of the rod in TEM observation. In addition, th
anisotropy PL observation also reveals that the direction
maximum PL intensity changed for different rods since
rods are directed randomly on the Si substrate.

Due to the anisotropic shape and the quantum confi
ment effects, the optical anisotropy in nanorods or quan
wires has attracted much research.13,21–24 A well-accepted
theory of the optical anisotropy observed in nanowires/r
is based on the anisotropic dielectric constants between
nanorod and surrounding media.13,23,24 According to this
theory, when the electric field of light is parallel to the wir
no modulation takes place on the local electric field; wh
the electric field of light is normal to the rod axis, the loc
field is attenuated. As a result, the polarized PL along
long axis direction is stronger than that in the direction n
mal to the long axis of the rod.

Obviously, the optical anisotropy observed in our nan
rods is different from the previously reported results of t
optical anisotropy in nanowires or rods.13,23,24 Our results
showed that the polarized PL is stronger in the direct
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normal to the long axis of the rod. This fact suggests that
origin of optical anisotropy of our rod-shaped QD ensem
is different from the previous results where the optical a
isotropy arises from the dielectric constant difference
tween the nanowire and its surrounding media, but the sa
as that of the spherical QD ensemble. That is, it arises fr
the crystallographic orientation of the QD’s in the system

In conclusion, optical anisotropy is observed in both t
individual spherical and rod-shaped QD ensembles. T
QD’s in the ensembles possess noncubic wurtzite crysta
structures, and consequently the anisotropy of transition
pole moments. The PL anisotropy in individual QD ensem
systems~sphere or rod! is the result of the average over a
individual QD directions that are preferentially oriented wi
respect to both the excitation and the emission process.
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