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Quantum-Confined Stark Effect in Single CdSe
Nanocrystallite Quantum Dots

S. A. Empedocles and M. G. Bawendi*

The quantum-confined Stark effect in single cadmium selenide (CdSe) nanocrystallite
quantum dots was studied. The electric field dependence of the single-dot spectrum is
characterized by a highly polarizable excited state (~10° cubic angstroms, compared to
typical molecular values of order 10 to 100 cubic angstroms), in the presence of randomly
oriented local electric fields that change over time. These local fields result in sponta-
neous spectral diffusion and contribute to ensemble inhomogeneous broadening. Stark
shifts of the lowest excited state more than two orders of magnitude larger than the
linewidth were observed, suggesting the potential use of these dots in electro-optic

modulation devices.

Optical switches are a key component in
many optical computing and fiber-optic
communication designs. In particular, de-
vices based on the quantum-confined Stark
effect (QCSE) in quantum wells (QWs)
have proven useful in many optical modu-
lation applications (1). In these devices,
quantum confinement in one dimension
allows the formation of excitonic states
with electric field induced Stark shifts many
times greater than the electron-hole bind-
ing energy (1). As a result, the Stark effect
in QWs is significantly enhanced relative to
that in bulk materials. Quantum dots
(QDs), the zero-dimensional analog of
QWs, represent the ultimate in semicon-
ductor-based quantum-confined systems
(2). Narrow transition linewidths inherent
in QDs (3-5), coupled with large Stark
shifts, should result in electro-optic modu-
lation devices with even greater efficiency.

Nanocrystallite QDs synthesized as col-
loids are a particularly flexible material for
such QD heterostructures. In particular,
CdSe nanocrystallite QDs, with a band gap
tunable throughout the visible range, have
been extensively studied as a prototypical
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QD system. These dots can be synthesized
in macroscopic. quantities with diameters
that are tunable during synthesis (6). They
are easily incorporated into a variety of
insulating and conducting polymers as well
as thin films of bulk semiconductors (7).
They can also be manipulated into close-
packed glassy thin films (8) and ordered
three-dimensional arrays (9).

In addition to possible device applica-
tions, the QCSE can be used to probe the
nature of the excited states in QDs. Delo-
calized exciton states within the QD core
should be highly polarizable, whereas local-
ized surface trap states should have a strong
dipole character. Spectral broadening, due
to structural and environmental inhomoge-
neities, has generally complicated the inter-
pretation of ensemble optical studies, in-
cluding Stark measurements. For example,
although the presence of an excited-state
dipole has been suggested in ensemble Stark
absorption studies (10), nearly identical
Stark data have also been interpreted with-
out the need for a polar state (11).

The elimination of inhomogeneous
broadening through single QD spectroscopy
has allowed many fundamental observa-
tions in recent years (3-5, 12-14). In this
report, we use fluorescence microscopy to

study the QCSE in single CdSe nanocrys-
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tallite QDs of varying sizes.

Five sample sizes were studied. The QDs
were synthesized as in (6), with average
radii of 22, 24, 26, 29, and 37.5 A. The 37.5
A sample was further divided, and half of
the sample was overcoated with a ~6
layer of ZnS (15). The 24 A sample was also
overcoated with ZnS. We applied electric
fields by using photolithographically pat-
terned Ti-Au electrodes on a crystalline
quartz substrate. The electrodes were pat-
terned in an interdigitated design with an
interelectrode spacing of 5 jum and a height
of 1200 A. A dilute solution of QDs in
hexane was placed over the electrodes and
was immediately wicked from the surface,
leaving only a small number of dots ad-
sorbed to the substrate. Spectra were taken
from dots located midway between adjacent
electrodes to ensure a uniform electric field
(16). We took single dot spectra at 10 K
using a far-field epifluorescence microscope
[described elsewhere (3)] with 514-nm ex-
citation from an Ar* laser.

In a series of emission spectra taken from
the same single dot with the applied electric
field either on or off (Fig. 1A), a single peak
corresponding to the zero phonon line
(ZPL) can be observed shifting between two
distinct energies in response to the field.
This shift is highly reproducible and results
in a change in energy that is 15 times
greater than the observed, resolution-limit-
ed linewidth and more than two orders of
magnitude greater than the linewidths pre-
viously reported for the emitting state (3).
Although the first absorbing state has not
yet been characterized for single CdSe QDs,
even conservative estimates based on en-
semble measurements suggest that this shift
is approximately an order of magnitude
greater than the width of this state (17).

Under a range of electric fields, the peak
shifts continuously over more than 60 meV
(Fig. 1B). The slight change in zero-field
energy over the series is due to spontaneous
spectral diffusion (3, 12, 13). Shifts as large
as 75 meV were observed in dots from this
sample. These shifts are comparable to room-
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temperature linewidths (14), suggesting the
potential for use in noncryogenic devices.

A plot of Stark shift as a function of field
for this series (Fig. 1C) can be fit with the
sum of a linear and quadratic function of
field, indicating the presence of both polar
and polarizable character in the emitting
state

1
AE=|.L§+§0L§2+... (1)

where E is the energy of the transition, £ is
the applied electric field, and p and a are
projections of the excited-state dipole and
polarizability, respectively, along the ap-
plied field (18). Although a polar compo-
nent was suggested in ensemble absorption
studies (10), Stark shifts in ensemble emis-
sion were found to be purely quadratic in
the applied field (19). This finding is in
contrast with our single dot observations.

A series of 11 consecutive spectra of the
same single dot under different field condi-
tions is shown in Fig. 2A. After an internal
shift in the sixth frame due to spontaneous
spectral diffusion, there is a clear increase in
the magnitude of the response to a given
applied field. The observed change is un-
likely to be the result of QD reorientation
on the substrate surface, which should be
extremely slow at 10 K. In addition, similar
changes were observed for dots embedded
in a polymer matrix, where movement
should be quenched.
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Fig. 1. Single QD Stark spectra. (A) Emission
spectra of a single QD from the 37.5 A ZnS-over-
coated sample under conditions of alternating
electric field. Frames indicate the applied field in
kilovolts per centimeter. (B) Seventeen spectra of
the same single dot under a range of electric
fields. Frames indicate the applied field in kilovoits
per centimeter and the magnification of the y axis.
(C) Plot of Stark shift versus electric field for the
spectra in (B). The line represents a fit to the sum
of a linear and quadratic shift as a functions of
field. The excitation intensity for all spectra in (A)
and (B) was 25 W/cm?,
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In Fig. 2B, 100 consecutive spectra of the
same dot are tabulated. Distinct changes in
the zero-field position are observed. Accom-
panying each of these shifts is a corresponding
change in the response to the applied field.
The most dramatic change occurs at ~26
min, where the state changes from having a
strong linear (dipole) component (shifts to
both higher and lower energies) to having an
extremely small or nonexistent linear compo-
nent (shifts to lower energy under both field
polarities). This does not mean that the ex-
cited-state dipole has disappeared, only that
the component parallel to the applied field
has decreased. The changes over time of the
observed excited-state dipole, although not
precluding contributions from an intrinsic
asymmetry in structure or charge density in
the ground state (20), shows that a significant
portion of the excited-state dipole results from
an extrinsic effect.

The data in Fig. 2 suggest a relation be-
tween spectral diffusion and the QCSE.
Spectra in Fig. 3, A and B, demonstrate the
similarities between shifts due to spectral
diffusion and those induced by an applied
electric field. An identical change in pho-
non coupling with shift characterizes both
spectral diffusion and the single dot Stark
effect (Fig. 3C). Phonon coupling is a mea-
sure of the overlap of electron and hole wave
functions and should be sensitive to changes
in polarization of the exciton. The observed
similarities suggest that local electric fields
are the cause of spectral diffusion.

Although an increase in the local electric
field should result in a lower emission ener-
gy, there need not be a correlation between
the direction of a spectral diffusion shift and
the change in measured dipole moment
along the applied external field. For exam-
ple, in Fig. 2B the spectrum at 30 min ‘is
red-shifted from that at 22 min, suggesting a
larger local field and therefore a larger total
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induced dipole. However, the component of
the dipole measured along the externally
applied field is nearly nonexistent.

Within a given sample, we observed a
range of values for both the polarizability and
the excited-state dipole. Variations in polar-
izability may be due to differences in size,
shape, and orientation of individual dots.
Differences in the measured excited-state di-
pole are largely due to a distribution of dipole
orientations relative to the applied field. A
representative sample of four single dot Stark
series from the 29 A sample is plotted in Fig.
4A. Consistent with ensemble measure-
ments (19), the average dipole component
goes to zero over the distribution, yielding a
net quadratic shift (Fig. 4B). From these
data, an average polarizability of a = 2.38 X
10° A3 is obtained (with o = 1.37 X 10° A3
for the distribution). This value is compara-
ble to the physical volume of the nanocrys-
tallite (~10° A3) and much larger than the
polarizability of more traditional molecules
(for anthracene o ~ 25 A3). We can also
extract the average magnitude of the excit-
ed-state dipole (88.3 Debye). This dipole is
extremely large, comparable to an electron
and hole separated by two-thirds of the
nanocrystallite radius.

The observed, variable, excited-state di-
pole is consistent with a highly polarizable
excited state in the presence of a strong,
changing, local electric field:

Kind = agint (2)
where &, is the internal electric field result-
ing from any local fields, and p, 4 is the
excited-state dipole induced by & . The
magnitude of the internal field extracted in
all samples (~10° V/cm) implies extensive
state mixing near the band edge, with poten-
tially serious implications regarding the cur-
rent understanding of the electronic struc-
ture in these QDs (21). This conclusion has

Fig. 2. Influence of spec- ] ; :

tral diffusion on the ; !

QCSE of a single QD. (A) 1 2

Eleven consecutive 30-s & A !

emission spectra of a & : :

single dot from the 37.5 2 5 ‘ ; &4
AZnS-overcoated sam-  E | ; 3
ple using a sequence = 6 X ; I3
of zero, negative, zero, f 7 : T gt 1305
positive electric fields. § peegsTeeEE o —— ]
Frames  indicate the —§ |ewwmeeesmtineimmaodi” o [ ]
spectrum number and £ |9 - A0 [ 140
the relative orientation [ 10 : i) [ NGB ]

of the field: (=) —350 r‘;‘“"”‘“"”""’ e A RO S H PO
KV/cm, (+) +850 kv/cm, U0 RTINS ] B : 150
and (0) 0 V/cm. (B) Sum- 1.94 1.96 1.98 1.94 1.96 1.98

mary of 100 consecutive Energy (eV)

30-s spectra of the same

dot under the field conditions described above. Data are plotted as a function of time, peak position, and
electric field. Closed circles indicate zero field. Open triangles and open circles indicate fields of —350 and
+350 kV/cm, respectively. The excitation intensity for all spectra was 25 W/cm?2.
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also been reached on the basis of ensemble
nonlinear optical techniques, where state
mixing was observed directly (20).

The observed local electric fields may be
the result of charge carriers on or near the
surface of the QD. Photoionization has been
proposed as the source of fluorescence inter-
mittency in single CdSe QDs at room tem-
perature (14). Photoionization leaves a
charged QD core that may not relax radia-
tively upon further excitation. Emission re-
sumes when the core is neutralized by the
return of the ejected charge. A similar on-off
behavior was observed at liquid helium tem-
peratures (3, 13). At 10 K, however, there is
little thermal energy to promote the return
of an external charge. Instead, neutralization
may occur through an additional ionization
event, resulting in an emitting QD in the
presence of a potentially large and randomly
oriented local electric field.

The presence of such fields in ensemble
samples represents an additional form of
inhomogeneous broadening that will not be
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Fig. 3. Stark shift versus spectral diffusion. (A)
Eight sequential 1-min emission spectra of a sin-
gle QD shifting as a result of spontaneous spec-
tral diffusion in the absence of an applied electric
field (3). Frames indicate magnification of the y
axis. (B) Stark series for a single QD from the 24
A ZnS-overcoated sample. Frames indicate ap-
plied field in kilovolts per centimeter. (C) Phonon
coupling versus shift for Stark data (closed cir-
cles) and spontaneous spectral diffusion (open
triangles). Phonon coupling is measured as the
ratio of the integrated intensity of the one longi-
tudinal optical phonon line to the ZPL. (D) Line-
width of a single dot emission spectrum versus
shift from the zero-field position in response to
an applied electric field. The excitation intensities
for data in (A), (B), and (D) were 2500, 285, and
25 W/cm?, respectively.
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eliminated by improvements in sample size
and shape distribution. Instead, modifica-
tions of the ionization barrier (15), changes
in the surrounding matrix, or both, may be
required.

Additional ionization or recombination
events, as well as relocalization of external
charges, could result in changes in both the
zero-field energy and the excited-state di-
pole of a single QD. This is consistent with
the observations shown in Fig. 2. The mag-
nitude of spectral diffusion shifts implies
variations in the local field on the order of
10° to 10° V/cm (unscreened) and is con-
sistent with the addition or removal of an
electron from the surface of the QD.

Small fluctuations in the local field
(Ag,,) may result from oscillations of an
external charge between trap states. The re-
sulting small spectral shifts have been impli-
cated as a source of single QD line broaden-
ing (3). The total width of a spectral peak
[A(AE)] is therefore dependent on the range
over which the spectrum shifts in response to
local field variations. The inherent squared

dependence of the QCSE on electric field
AE = a(gin( + gapplied)2 (3)

means that the width of a “spectral diffu-
sion—broadened” peak will depend on the
total field present:

A(AE) = za(gint + gapplied)Agint (4)

Under an applied field, shifts to higher en-
ergy (lower total field) should therefore be
accompanied by narrower spectral peaks.
This effect is clearly observed in Fig. 1B (22).
The final frame of Fig. 1B shows that this
broadening is a reversible effect of the elec-
tric field and not a degradation of the QD
structure. A plot of peak width as a function
of shift, taken from a subsequent voltage
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series, reveals a roughly square root depen-
dence, consistent with this model (Fig. 3D).
A similar trend in peak width with shift
resulting from spectral diffusion is not ex-
pected. In our model, spectral diffusion
shifts arise from a change in the charge
distribution around the QD. As a conse-
quence, a change in the extent of A§,  may
also be expected, and it is these local fluc-
tuations that give rise to the observed line-
widths. It is therefore not possible to pre-
dict the effect of a spectral diffusion shift
on the linewidth of a single dot spectrum.

The increase in average polarizability
with size (Fig. 4C) is consistent with ensem-
ble measurements (19) and with the increase
in volume of the QDs. The observed increase
in excited-state dipole with size (Fig. 4D) is
a result of the corresponding increase in
polarizability. The internal electric field ac-
tually decreases with size (Fig. 4D). This
result is consistent with an increase in the
distance of an external charge from the cen-
ter of the exciton wave function.

To reinforce this result, we also studied
the 37.5 A ZnS-overcoated sample. The
measured values of the polarizability for the
37.5 A standard and overcoated samples
were statistically identical, consistent with
minimal delocalization of the exciton into
the ZnS shell (15). At the same time, a
significant decrease in the excited-state di-
pole was observed. This result is consistent
with the idea that the ZnS shell forces
external charges to reside farther from the
exciton wave function, while simultaneous-
ly screening local external fields and acting
as a barrier to further ionization (14).

These electric field studies of single CdSe
nanocrystallite QDs have revealed both po-
lar and polarizable character in the lowest
excited state. The polar component has been

Fig. 4. Spectral response to an ap- A B

plied electric field. (A) Stark shift of 14 =

emission versus field for four differ- 7 > st

ent single QDs taken from the 29 A E 0 r*"/ £

sample. !_unes indicate f|t§ to_ the Z-7 e Ez-

sum of alinear and quadratic shiftas £ ¢ "{ °

a function of field. (B) Average shift x4 §1 L

versus field for 54 single QDs from g 2 2

the 29 A sample with the fit to a pure o <ot

quadratic function of field. (C) Mea- 250 0 250250 0 250  -400 -200 O 200 400

sured average polarizability as a Applied field (kV/em)

function of size for standard dots c D

(closed circles) and 37.5 A ZnS- - gt Q> 1150

overcoated dots (closed triangle). §32f 5

(D) Measured average excited-state < a88f 11 30§

dipole and internal electric field E‘z 4l ° =
. = S 84 X

(closed and open circles, respec- E a 11102

tively) as a function of size for stan- s Bgof - 2

dard dots. The closed triangle indi- 5 16| 1.8
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dots. The excitation intensity for all Radius (A)

data was 250 W/cm? (23).
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attributed to an excited-state dipole mo-
ment, induced by the presence of local elec-
tric fields. These fields, which vary over time
and produce spontaneous spectral diffusion,
are thought to result, in part, from the pres-
ence of charge carriers on or near the QD
surface.
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Natural Variation in a Drosophila Clock Gene
and Temperature Compensation

Lesley A. Sawyer,* J. Michael Hennessy,*
Alexandre A. Peixoto,{ Ezio Rosato, Helen Parkinson,
Rodolfo Costa, Charalambos P. Kyriacou::

The threonine-glycine (Thr-Gly) encoding repeat within the clock gene period of Dro-
sophila melanogaster is polymorphic in length. The two major variants (Thr-Gly)17 and
(Thr-Gly)20 are distributed as a highly significant latitudinal cline in Europe and North
Africa. Thr-Gly length variation from both wild-caught and transgenic individuals is
related to the flies’ ability to maintain a circadian period at different temperatures. This
phenomenon provides a selective explanation for the geographical distribution of Thr-Gly
lengths and gives a rare glimpse of the interplay between molecular polymorphism,
behavior, population biology, and natural selection.

The clock gene period (per) in Drosophila
melanogaster is an essential component of
circadian rhythmicity, and its product is
involved in a negative autoregulatory feed-
back loop with the Timeless protein [re-
viewed in (1)]. The per gene has a repetitive
region, which encodes alternating pairs of
predominantly threonine-glycine, but also
serine-glycine dipeptide pairs (2). This re-
petitive region is conserved in the mamma-
lian per homolog, suggesting that it may
play an important functional role in circa-
dian phenotypes (3). However, the only
role assigned for the Thr-Gly region is to
convey the species-specific characteristics
of the ultradian male courtship song cycle
(4).

Within natural populations of D. mela-
nogaster and D. simulans, the Thr-Gly re-
peat is polymorphic in length (5). In D.
melanogaster, Thr-Gly alleles that encode
14, 17, 20, and 23 dipeptide pairs [termed
(Thr-Gly) 14, (Thr-Gly) 17, and so on] make
up about 99% of European variants (6). The
(Thr-Gly)17 and (Thr-Gly)20 alleles are
distributed as a highly significant latitudinal
cline, with high occurrences of the former
observed in the southern Mediterranean
and the latter predominating in northern
Europe (6). In both D. melanogaster and D.
simulans, analyses of intraspecific Thr-Gly
haplotypes aimed at testing neutral models
suggest that the repetitive regions are under
selection (7, 8). Furthermore, several stud-
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ies revealed that Thr-Gly repeat length co-
evolves with the immediate flanking amino
acids (9, 10). If selection is shaping varia-
tion in the repetitive region, then the Thr-
Gly cline in Europe implicates temperature
as a possible selective agent.

Therefore, we studied the temperature
responses of natural Thr-Gly length vari-
ants, which have the sequences shown in
Fig. 1 (11). For simplicity, the (Thr-Gly)17¢c
allele, which has the downstream (Thr-
Gly)2 deletion, is referred to as (Thr-
Gly)15. The Ser-to-Phe replacement is the
only amino acid polymorphism that has
been encountered in the immediate flank-
ing regions surrounding the repeat in Euro-
pean (I1) and other populations (12).

Free-running circadian locomotor activi-
ty rhythms of males from 37 different at-
tached-X lines, whose per-carrying X chro-
mosomes originated from eight European
and North African localities, were examined
at 18° and 29°C (Table 1) (13). A further
attached-X line whose original male carried
the (Thr-Gly)23 allele from the American
Canton-S laboratory strain was also added.
This Thr-Gly haplotype is also found in Eu-
ropean populations (11). The results based
on spectral analysis (I14) are presented in
Table 1 and Fig. 2, A and B. Similar results
were obtained with autocorrelation (Table
1) (15), but are not presented in detail.
Two-way analysis of variance (ANOVA),
performed with the 38 lines and temperature
as the variables, gave significant Line and
Temperature X Line interactions (P <
0.01), and further ANOVA of the data
pooled into genotypes also gave significant
Genotype and Temperature X Genotype in-
teraction (both P < 0.001). Planned com-
parisons revealed that six of the 38 lines
showed significant period differences be-
tween the two temperatures, whereas nine
were significantly different when periods
were determined with autocorrelation (Ta-
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