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Linearly polarized ‘fine structure’ of the bright exciton state in individual CdSe
nanocrystal quantum dots
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We report polarization-resolved, low-temperature, high-spectral-resolution studies of the photoluminescence
from individual CdSe nanocrystal quantum dots (NQDs). The spectra reveal a ‘fine structure’ splitting of the
bright exciton state in a subset of the studied NQDs. The two fine structure states are spectrally separated by
an energy of up to 3 meV depending on NQD size and are characterized by linearly (and orthogonally)
polarized emission dipoles. The average splitting scales approximately with inverse NQD volume, consistent
with an anisotropic electron-hole exchange interaction which can result from a breakdown of cylindrical

symmetry in some of the NQDs.
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Nanocrystal quantum dots (NQDs) are nanometer-sized
crystalline semiconductor particles. Using modern chemical
techniques they can be fabricated with nearly atomic preci-
sion in a variety of sizes and shapes. As a result of strong
quantum confinement, the electronic energies of NQDs are
directly dependent on their dimensions. Specifically, by
changing NQD size, one can tune the energy gap by hun-
dreds of meV, which translates into wide-range tunability of
the emission color.! Further, NQDs with well-passivated sur-
faces show high photoluminescence (PL) quantum yields
that approach 100%.> All of these properties make colloidal
nanocrystals well suited for various light-emitting applica-
tions including general lighting, light-emitting diodes,? la-
sers, and optical amplifiers.* Recently, the light-emitting
properties of NQDs have also been exploited in bio-medical
applications’ that previously mostly utilized organic dyes.
Compared to dyes, NQDs offer advantages of higher photo-
chemical stability, reduced emission linewidths, and continu-
ous tunability of emission color throughout the visible and
infrared (IR) including the near-IR transparency window of
living tissues.®

All of these emerging NQD applications require a detailed
understanding of both the spectral and polarization properties
of NQD emission and, specifically, the structure of the
lowest-energy band-edge exciton states. It is well established
on both theoretical’® and experimental®!® grounds that in
spherical (or nearly spherical) colloidal CdSe NQDs, the
electron-hole exchange interaction along with the crystal
field of the hexagonal lattice split the band-edge exciton
(formed from a spin-1/2 electron and spin-3/2 hole) into
five energetically distinct states that can be labeled by their
angular momentum projection J along the NQD’s crystallo-
graphic ¢ axis [see Fig. 1(a)]. Of particular importance is the
lowest optically active (or “bright”) band-edge exciton state,
J=1% (for notation of exciton states in CdSe NQDs, see Refs.
7 and 11). This bright exciton mainly determines the NQD
emission properties (the lowest-energy state with J=2 is op-
tically forbidden and is typically referred to as a “dark
exciton”).!"12 In quantum dots possessing cylindrical sym-
metry such as prolate particles with major axis along the
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crystal ¢ axis, this bright exciton is twofold degenerate with
regard to the projection of the angular momentum along the
¢ axis (that is, states with projections |+1) and |-1) are
nominally degenerate in energy).'* The corresponding tran-
sition dipoles are oriented randomly in the plane normal to
the ¢ axis, and emission from such a bright exciton is usually
described in terms of a “two-dimensional (2D) planar
dipole,”'* depicted in Fig. 1(a). As observed in previous
single-NQD studies, this type of dipole leads to a varying
degree of linear PL polarization depending on the orientation
of the NQD’s ¢ axis with respect to an observation axis.!*!3

The structure of this emitting bright exciton state changes
if the cylindrical symmetry of the quantum dot is broken. In
this case, the J =| *+ 1) states become mixed, leading to a fine
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FIG. 1. (Color online) (a) Drawing of a CdSe nanocrystal quan-
tum dot (NQD) having cylindrical symmetry about its crystalline
wurtzite ¢ axis and a corresponding structure of electronic states.
Exciton states are labeled according to their angular momentum
projection J along the ¢ axis. The |+1) and |~1) states comprising
the lowest J=1% “bright” exciton are nominally degenerate in en-
ergy. This bright exciton is characterized by a degenerate planar
transition dipole oriented isotropically in the plane normal to c. (b)
If the NQD’s cylindrical symmetry is broken, anisotropic exchange
can mix the | = 1) states, giving rise to two distinct dipole transi-
tions |X,Y) that emit linearly and orthogonally polarized PL at
slightly different energies.
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structure splitting of the bright exciton and the associated
emission spectra. Symmetry breaking of this type can be
expected,'®!8 for example, from slight elongation of the dot
along one of its semiminor axes, as depicted in Fig. 1(b). The
resulting  states, |X)=(|+1)+|-1))/(2 and |Y)=(|+1)
—|~1))/ 2, are split in energy and are linearly and orthogo-
nally polarized along the nonequivalent semiminor (X and Y)
axes of the dot. This type of fine structure has been observed
and extensively studied during the past decade in the PL
from epitaxially grown semiconductor quantum dots.!*%
High-resolution PL spectra of single epitaxial dots at low
temperature clearly show an energy-split doublet that is often

linearly polarized along the orthogonal [110] and [110] axes
of the semiconductor substrate (these axes usually determine
the direction of the dot’s shape distortion). In epitaxial dots,
these discrete fine structure exciton states have been cleverly
exploited as a basis for quantum entanglement schemes.??

In marked contrast, evidence for a fine-structure splitting
of bright excitons in colloidal NQDs has only very recently
emerged. The polarization-resolved, high spectral resolution
PL studies that have been so successfully applied to epitaxi-
ally grown quantum dots'®?2 have yet to make a significant
impact in colloidal NQD systems. Significantly complicating
measurements is the fact that colloidal quantum dots are con-
siderably less photostable than their epitaxially grown coun-
terparts; PL from individual NQDs exhibits blinking, pho-
tobleaching, and spectral diffusion as a function of time.
These factors render a direct observation of a fine-structure
PL doublet more difficult. Furthermore, NQDs are in general
oriented randomly in a given sample, such that their crystal-
line ¢ axes (the axes of cylindrical or near-cylindrical sym-
metry) point in arbitrary directions with respect to the obser-
vation axis. This is quite different than the case of epitaxially
grown dots, wherein the growth axis of the sample wafer,
which defines all the dots’ cylindrical or near-cylindrical
symmetry axis, can always be oriented along the direction of
observation, so that the polarization signatures of the X and
Y fine-structure states are easily resolved. The random orien-
tation of NQDs significantly complicates the measured PL
polarization properties since X and Y dipoles in a particular
NQD may or may not project equally (or at all) on to the
observation plane.

The first indications of X-Y fine-structure splitting in
NQDs were indirectly inferred from polarization-resolved
resonant PL (fluorescence line narrowing) of NQD en-
sembles in ultrahigh magnetic fields.?*>> Further indirect evi-
dence was later provided by ultrafast optical four-wave mix-
ing studies of NQD ensembles.’®?’” The first direct
observation of a polarized X-Y fine-structure splitting in the
PL spectra from individual CdSe NQDs was very recently
reported by Furis ef al. in Ref. 25, and a theoretical treatment
was subsequently formulated.?

Here, we perform low-temperature studies of the emission
from individual CdSe NQDs. To mitigate the deleterious ef-
fects of blinking and spectral diffusion, we use a high-
spectral-resolution imaging microscope to simultaneously
monitor both orthogonal, linearly polarized components of
the PL from individual NQDs. Using this system, we inves-
tigate in detail the spectral and polarization properties of the
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bright exciton emission. A primary aim of this work is to
correlate the PL polarization from a given NQD with its
specific three-dimensional orientation in space (not only the
orientation of the NQD ¢ axis but also the orientation of the
X and Y axes, if resolvable, about the ¢ axis). We measure
the polarization properties of hundreds of individual NQDs
of varying size and observe that over 40 NQDs exhibit a
resolvable fine-structure PL doublet comprised of two lin-
early and orthogonally polarized peaks. We further observe
that the fine structure (X-Y) splitting scales approximately
inversely with NQD volume, suggesting that the observed
splitting is due to a long-range anisotropic electron-hole ex-
change interaction. Single-NQD data are in good agreement
with the results inferred from earlier, indirect measurements
on NQD ensembles.

Figure 2(a) shows a schematic of the experiment. Samples
of dilute CdSe/ZnS core/shell NQDs were dispersed in a
polymethylmethacrylate matrix onto crystalline quartz sub-
strates (density <0.5 NQD/um?). The samples are held at
4 K in a continuous-flow liquid helium cryostat and are ex-
cited by 532 nm radiation from a continuous-wave laser that
is directed through a microscope objective (numerical aper-
ture of 0.55). Less than 1 mW of laser power is focused to a
20 um diameter illumination spot on the sample substrate
(corresponding average NQD occupancies are less than one
electron-hole pair per dot, and hence, the role of multiexciton
effects is insignificant). The PL from individual NQDs is
collected by the same objective and directed through a po-
larization rotator (a half-wave plate) and a polarization
beamsplitter (a Wollaston prism). This combination spatially
separates the emitted PL into orthogonally polarized linear
components that are oriented horizontally and vertically with
respect to the laboratory reference frame. Both polarization
components are then spectrally dispersed in a half-meter im-
aging spectrometer and are simultaneously detected using
spatially distinct regions of a liquid-nitrogen-cooled charge-
coupled device (CCD) array. A depolarizer in front of the
spectrometer’s entrance slit (not shown) ensures the same
detection efficiency for both polarization components. The
half-wave plate rotates the polarization of the emitted PL
with respect to the laboratory reference frame. We extract the
NQD orientation and degree of PL linear polarization from a
series of spectra taken as the half-wave plate is rotated.

Figure 2(b) shows a typical PL image. Horizontally polar-
ized (HP) and vertically polarized (VP) emissions from indi-
vidual NQDs are observed as pairs of peaks in the upper and
lower regions of the CCD, respectively. Some pairs of peaks
(e.g., those connected by dotted arrows) appear at the same
energy, indicating no discernible energy difference between
HP and VP components. However, many peak pairs (e.g.,
those indicated by solid arrows) show a clearly resolved en-
ergy splitting.

Simultaneous detection of both polarization components
demonstrates that these two peaks arise from two distinct
emitting states of a single NQD, rather than an artifact due to
spectral diffusion or due to multiple NQDs. Figure 2(c)
shows high-resolution spectra of a particular peak pair
(marked by the green arrow). The spectra are derived from
line cuts through five spectral images acquired in successive
30 s intervals. Red and black data correspond to VP and HP
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FIG. 2. (Color online) (a) Schematic of the low-temperature, polarization-resolved, single-NQD PL experiment. Both horizontally (HP)
and vertically polarized (VP) components from single NQDs are simultaneously acquired on a CCD array, mitigating artifacts due to spectral
diffusion and blinking. (b) A typical image showing both HP and VP spectral components from individual NQDs. Some pairs of PL peaks
clearly show a fine-structure splitting of 0.2—3.0 meV (e.g., those connected by solid lines). (c) A time series of five spectra from a single
NQD (indicated in the image), taken with 30 s intervals. Red and black data points correspond to VP and HP components. (d) The integrated
PL of the two polarization components, plotted as a function of time, shows a clear correlation of their intensity fluctuations (left axis). Also
shown is the measured fine-structure energy splitting between the peaks, which varies very little (<15 peV) around an average value of

0.583 meV.

emissions, respectively. The absolute PL intensity, peak po-
sition, and line shape of the pair fluctuate as a function of
time due to blinking and spectral diffusion effects. Impor-
tantly, however, the relative intensities and the energy split-
ting of the peak pair remain highly correlated, indicating a
common emission source. As shown in Fig. 2(d), the two
polarization components exhibit correlated intensity fluctua-
tions (red and black points, left axis) and the splitting be-
tween the two peaks varies by less than 15 ueV about an
average value of 0.58 meV (blue circles, right axis).

Utilizing this detection scheme, we analyze the
polarization-resolved PL spectra from hundreds of single
NQDs having radii from 1.5 to 4.0 nm (emission energy in
the range of 1.95-2.25 eV). Approximately 10% of these
NQDs exhibit a resolvable fine-structure splitting. For these
NQDs, experimentally measured splittings lie in the range of
0.15-3.0 meV. We do not observe a resolvable splitting be-
tween orthogonally polarized PL components in the remain-
der of the studied NQDs. Reasons for this include (i) the PL
emission from some NQDs is spectrally broad, so that a
splitting is not resolvable, (ii) some NQDs may not possess
any intrinsic bright exciton fine structure, or (iii) the three-
dimensional (3D) orientation of the NQD is such that no
polarization-resolved splitting is expected.

We now turn to an analysis of the PL polarization prop-
erties of individual NQDs, with the goal of determining their
full 3D orientation. We begin by showing data from NQDs
that do show linearly polarized PL, but do not exhibit any
resolvable fine-structure splitting between its polarized PL
components. Figure 3(a) shows spectra from one such NQD,
where the five spectra are taken at 40 s intervals and corre-
spond to different orientations of the half-wave plate. Arrows
indicate the effective direction of the detected polarization.
As observed and discussed above in Fig. 2(c), these polar-

ized PL peaks drift in time due to the effects of spectral
diffusion, but otherwise track each other exactly indicating a
common source (a single NQD). When the detection axes are
set to 20° and 100°, nearly equal amounts of PL are detected
in the two orthogonal polarization channels. In contrast, un-
equal intensities are detected when the effective detection
axes are oriented at 0°, 40°, or 120°. Although the intensities
of HP and VP emission components oscillate with detection
angle, neither component achieves zero intensity for any de-
tection angle. As described originally by Empedocles et al.,'*
this behavior is a characteristic of a NQD’s degenerate 2D
“planar” dipole. As depicted in Fig. 3(c), the axis normal to
this dipole plane is the ¢ axis of the NQD, which we define
here as being tipped by a polar angle 6 from the observation
axis (z), and rotated about z by an azimuthal angle ¢, with
respect to the laboratory reference frame. The projection of
the planar dipole onto the observation plane is an elliptical
dipole with minor axis oriented along ¢, and with major and
minor dimensions having the ratio 1:cos 6 (hence, the lin-
early polarized PL intensities, proportional to the square of
the dipole, have the ratio 1:cos? 6). For this NQD, Fig. 3(b)
shows the normalized HP emission (Iyy) as a function of
detection angle ¢ [Ing=Iy/(Ig+1y), where Iy, is the inte-
grated HP/VP emission]. A fit to the data (solid line) reveals
that Iy oscillates as sin?(¢— ¢by) between values of 0.3 and
0.7, indicating that #=49° for this NQD. Further, the angle
¢y~ 60° for which Iyy is minimum indicates the azimuthal
orientation of the NQD’s ¢ axis with respect to the laboratory
reference frame,'* as schematically shown in Fig. 3(c).

A similar analysis performed on a different NQD is shown
in Fig. 3(d). In this case, the PL exhibits a higher degree of
linear polarization. As shown in Fig. 3(e), Iy shows
sin?(¢— ¢b,) oscillations between values of 0.1 and 0.9, indi-
cating that the projection of this NQD’s planar dipole onto
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FIG. 3. (Color online) (a) Polarized PL spectra as a function of
analyzer (half-wave plate) angle, from a single NQD that emits
partially polarized PL, but which does not exhibit a resolvable en-
ergy splitting between orthogonally polarized PL components. The
effective axes of the detected linear polarization are indicated. (b)
Data points show the normalized intensity of the horizontal PL
component versus detection angle. Line is a sine-squared fit to the
data (see text). (c) The 3D orientation of this NQD. [(d)—(f)] Data
from a different NQD that exhibits a higher degree of linear polar-
ization (its c axis is nearly perpendicular to the observation axis, as
drawn).

the observation plane is a narrow ellipse, as depicted in Fig.
3(f). This NQD is lying almost flat on the substrate with its ¢
axis nearly perpendicular to the observation axis (6=70°).

A wide variation in the degree of linear polarization from
single, randomly oriented CdSe NQDs was first observed in
the polarized microscopy studies of Empedocles et al.'*
Those studies, which did not spectrally resolve the PL emis-
sion, provided the first direct evidence for the 2D planar
emission dipole of bright excitons in single NQDs. We now
demonstrate that spectrally resolving the polarized PL from
single NQDs directly reveals that, in many cases, nominally
degenerate 2D planar dipoles actually possess a pronounced
X-Y fine structure. Furthermore, the data reveal both the 3D
orientation of the NQD’s ¢ axis and the orientation of the X
and Y fine-structure axes about the ¢ axis.

PHYSICAL REVIEW B 77, 035328 (2008)

A resolvable and orthogonally polarized X-Y fine struc-
ture splitting was observed in approximately 10% of the
studied NQDs, or ~40 in total. Figure 4 shows spectra from
three such nanocrystals, each having a different orientation
with respect to the observation direction. Figure 4(a) shows
polarization-resolved spectra from a single NQD [the same
shown in Fig. 2(c)] acquired at five different settings of the
half-wave plate. The effective detection axes are indicated by
arrows. The two orthogonally polarized PL peaks oscillate
nearly out of phase with each other while maintaining their
fine-structure energy splitting of 0.58 meV. These data con-
firm that the two peaks originate from two distinct one-
dimensional linear transition dipoles in the same NQD. Fig-
ure 4(b) shows the HP emission intensity from both high-
and low-energy peaks of the fine-structure doublet. The
peaks are highly linearly polarized (>93%), follow a
cos*(p— ¢xy) intensity dependence, and are orthogonal
(|px—py|=90° = 1°). Further, both peaks exhibit nearly
equal intensity for all detection orientations—the high- and
low-energy peaks account for 48 =2% and 52+ 2% of the
total emission, for all orientations, indicating that both X and
Y linear dipoles project equally onto our observation plane.
Assuming further that angularly integrated emission intensi-
ties produced by the X and Y states are identical,”® we can
conclude that the NQD in this case is oriented with ¢ axis
nearly parallel to the observation axis (cllz, #~0°), as sche-
matically depicted in Fig. 4(c), and that the X and Y fine-
structure dipoles lie in the observation plane with azimuthal
angles ¢y and ¢y=20° and 110°, respectively.

In the more general (and common) case of a NQD ori-
ented with its ¢ axis at some finite polar angle (6>0°), X
and/or Y fine-structure states no longer both lie within the
observation plane defined by z. Thus, their projections onto
the observation plane are in general unequal in magnitude,
which leads to unequal detected intensities. Figures 4(d)—4(f)
illustrate a NQD of this type, where only one of the two
fine-structure dipoles projects out of the observation plane.
Moreover, if both X and Y are tipped out of the observation
plane, then their projections onto the observation plane will
not necessarily be orthogonal (|¢y—¢py|>90°). Figures
4(g)-4(i) show a NQD of this latter type.

The second NQD shown in Figs. 4(d)-4(f) exhibits an
X-Y fine-structure splitting of 1.1 meV. Like the previous
NQD shown in panel (a), the two peaks are highly linearly
polarized (>86%) and are nearly orthogonal (|¢y— ¢yl
=90° = 1°). However, the intensity of the high-energy peak
is much weaker, contributing only ~35% of the total PL
emission at all detection angles. Based on these data and
further assuming that X and Y states equally contribute to
PL,” we obtain that the low-energy dipole lies nearly in the
observation plane (with ¢y~ 150°), while the higher-energy
dipole is tipped out of the observation plane by the polar
angle #=25°, as depicted in Fig. 4(f).

In the third case, the NQD shown in Figs. 4(g)-4(i) ex-
hibits X and Y emission peaks with linear polarization >75%
(the lower polarization in this case results from the broad
tail of the PL peaks). However, the two peaks exhibit signifi-
cantly different intensities (76 4% vs 24+4%), and
their polarization orientations are not orthogonal (|¢y— ¢y|
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~100°). These data are indicative of a NQD oriented with
both X and Y transition dipoles oriented out of the observa-
tion plane, as depicted in Fig. 4(i).

Spectrally resolving the polarized PL from single NQDs is
required to observe the fine-structure splitting of the bright
exciton. However, we note that spectrally integrating the HP
or VP emission recovers the angle-dependent intensity oscil-
lations [blue points in Figs. 4(b), 4(e), and 4(h)] observed in
prior work!*!> which was polarization-resolved but not spec-
trally resolved. Analyzing only the PL polarization, as in
Refs. 14 and 15, provides correct results for the c-axis ori-
entation regardless of whether the bright exciton exhibits an
X-Y fine-structure splitting or not. All these observations are,
of course, predicated on the assumption that X and Y states
equally contribute to PL.%

Finally, we examine the dependence of the fine-structure
splitting observed for 40 NQDs on their inverse volume 1/V
(Fig. 5).%° The energy splitting shows significant variations
(from 0.5 to 3.0 meV), indicating a wide variation in the de-
gree of shape anisotropy in CdSe NQDs studied in this work.
Despite this wide variation, the data also exhibit an overall
trend of gradual increase in the splitting with 1/V. To ana-
lyze this trend in more quantitative terms, we divide the data
points into bins [indicated in Fig. 5(a) by the dashed lines]
and calculate the average values of both 1/V and the energy
splitting for each bin. These data (open circles) are plotted in
Fig. 5(b) together with the results of our earlier high-
magnetic-field experiments from NQD ensembles? (solid
dots). We observe a clear correspondence between these two
data sets. A clear 1/V scaling is apparent in both sets of data
and is in agreement with theories'®'328 that ascribe the X-Y
splitting to the long-range, anisotropic electron-hole ex-
change interaction.

In principle, in addition to lateral shape asymmetry, the
X-Y splitting in quantum dots can also be contributed by

(snun “qie) "Ny

normalized to total PL intensity.
Lines are fits to the data. The
lower panels [(d), (f), and (i)] de-
pict the inferred orientation of the
¢, X, and Y axes of these three
NQDs.

[0y byl > 90°

strain-induced piezoelectric fields. These two contributions
are characterized by distinctly different size dependences.
The splitting due to shape asymmetry increases with decreas-
ing quantum dot size, while the splitting due to the piezo-
electric effect shows an opposite trend. Depending on the
exact composition of the dot and/or matrix both of these
trends have been observed experimentally for epitaxial quan-
tum dots.3'3? Furthermore, in the case when the X-Y splitting
is dominated by the piezoelectric effect, the value of the
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FIG. 5. (Color online) (a) The measured X-Y fine-structure split-
ting in 40 individual NQDs, plotted as a function of the estimated
inverse NQD volume. These data are binned by inverse volume
(dotted lines), and the open circles and error bars in (b) show the
mean and standard deviation within each bin. These points overlap
well with the solid points, which represent the ensemble-averaged
fine-structure splitting derived from fluorescence-line-narrowing
studies of NQD ensembles in high magnetic fields (from Ref. 25):
(c) and (d) show statistics of the measured fine structure splitting in
the third and fourth bins from panel (a), respectively.
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piezoelectric constant derived from experimental data is dis-
tinctly different (even signwise) from that of a parental bulk
solid. This discrepancy suggests strong influence of strains
that develop at quantum-dot/matrix interfaces. The effect of
strains is less important in colloidal nanocrystals that repre-
sent freestanding particles. Hence, in this case, the X-Y split-
ting is expected to be primarily due to shape anisotropy. This
conjecture is supported by the 1/V scaling indicated by ex-
perimental data in Fig. 5.

It is also notable that while the values of the fine-structure
splitting reported for epitaxial quantum dots are typically
from a few hundred ueV (Refs. 19-23) to 1.0 meV,*? the
splitting observed here for colloidal nanocrystals can be as
large as 3.2 meV. One likely reason for this difference is the
significant volume difference between colloidal and epitaxial
quantum dots. While the latter can have small heights of only
a few nanometers, they are usually characterized by larger
lateral dimensions (>10 nm). As a result, the volume of ep-
itaxial dots typically exceeds that of colloidal nanocrystals
and leads to (according to the 1/V scaling) a smaller X-Y
splitting.

PHYSICAL REVIEW B 77, 035328 (2008)

In conclusion, these polarization-resolved and high-
spectral resolution studies of individual NQDs provide direct
evidence that the bright exciton, which is often regarded to
have a degenerate planar transition dipole, can actually pos-
sess an X-Y fine structure consisting of two linearly (and
orthogonally) polarized states. In analogy with epitaxial
quantum dots, this fine-structure splitting likely results from
breaking the NQD cylindrical symmetry. While the magni-
tude of the fine-structure splitting measured in these colloidal
nanocrystals is larger than those typically observed in epitax-
ial dots, further theoretical studies are essential to quantita-
tively understand this effect and to extend currently existing
models of NQD band-edge exciton fine structure.
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