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The electric-field response of CdS0.44Se0.56 quantum dots in glass is studied as a function of particle size
using electroabsorption spectroscopy. Up to six quantum-size levels can be observed in the data. The evolution
of the transitions through many particle sizes provides evidence for mixing of the valence bands due to
quantum confinement. The electromodulated absorption data were fit with a first-derivative line-shape function
to separate the effects of the electric field on the energy level, width, and oscillator strength associated with
each electron-hole state. For the lowest excited state in particles with radiusR less than the bulk exciton Bohr
radius, the size dependence of the field-induced redshift is}R4 and the decrease in oscillator strength is
}R6, consistent with perturbation theory. Although perturbation theory predicts the proper power-law depen-
dence, the magnitude of the response is many times smaller than predicted. The field-induced redshift of the
second excited state is found to increase as a function of decreasing particle size with a maximum occurring for
particles with radius nearly equal to bulk Bohr exciton radius.@S0163-1829~96!05828-6#

I. INTRODUCTION

Semiconductor particles with diameters on the order of 10
nm or less are small enough to confine the electrons and
holes in all three dimensions and are referred to as ‘‘quantum
dots.’’ The extent to which the carriers are confined depends
on the ratio of the particle radius compared to the bulk Bohr
exciton radius. Effects of quantum confinement on the elec-
tronic and optical properties of these materials are evident in
particles whose size is on the order of a few times the Bohr
exciton radius and smaller.1 The confinement of electrons
and holes in a semiconductor quantum dot is usually divided
into three general size regimes.2 In the weak confinement
regime, the particle radiusR is larger than the bulk Bohr
exciton radiusax . In this case the center-of-mass motion of
the exciton is quantized. In the intermediate confinement re-
gimeae.R.ah , whereae is the Bohr radius of the electron
andah is the Bohr radius of the hole. Here, the energy of the
electron is higher than that of the hole, since the electron is
considerably lighter. The electron energies are quantized and
the interaction of the electron and hole is taken into account
by assuming that the hole moves in an average potential
created by the rapidly moving electron.2 In the strong con-
finement regime the particle is smaller than eitherae or
ah , the Coulomb interaction is neglected, and the electrons
and holes are independently quantized.2

The study of the optical and electro-optical properties of
semiconductor quantum dots is driven by potential device
applications. Quantum confinement transforms the energy
band structure of the bulk semiconductor into a series of
discrete transitions. This is interesting for electro-optical de-
vices since the energetic positions of these transitions can be
manipulated by an external electric field. Since electroab-
sorption is a quadratic electro-optical effect, it has the poten-
tial, at least, for application as wavelength selective,
polarization-insensitive amplitude modulators. A variety of
devices have already been fabricated with one-dimensionally
confined semiconductor structures, the so-called ‘‘quantum
wells.’’3 The electroabsorption mechanism in quantum wells

is referred to as the quantum-confined Stark effect
~QCSE!.4,5 Two quantum well devices that operate on the
QCSE are the bistable self-electro-optic effect device6

~SEED! and the optical quantum well modulator.7 Theoreti-
cally, the three-dimensionally confined quantum dots offer
the advantage of lower switching energy over quantum
wells. Near an electron-hole transition energy, the predicted
change in the absorption coefficient per unit mass per unit
applied field is much larger in a quantum dot than in a quan-
tum well.8 However, these predictions neglect the effects of
surfaces and defects, which could degrade actual device per-
formance.

Electroabsorption~EA! spectroscopy is used to measure
the electric-field effects on the electronic states in a quantum
dot. This type of modulation spectroscopy is useful for ana-
lyzing electronic properties since the detailed shape and
magnitude of the electric-field-induced changes in the ab-
sorption spectra depend not only on the extent of confine-
ment but also on the nature and symmetry of the excited
state. Electroabsorption selects states that are the most sen-
sitive to electric field and also allows the observation of
dipole-forbidden transitions. States are clearly evident in
electroabsorption spectra that are not apparent in linear ab-
sorption. The quantification of the electric-field sensitivity
provides information about the symmetry and charge distri-
bution of the electronic wave functions.

Electroabsorption spectroscopy has been used by many
research groups to investigate the properties of II-VI semi-
conductor quantum dots.9–18 There are several proposed
mechanisms for the field modulation of the absorption: Stark
shift,10,11,15 Franz-Keldysh oscillations,13 oscillator strength
changes,10,15 lifetime changes due to tunneling,9,19 or broad-
ening due to the Stark effect on an ensemble of dipole ex-
cited states.20 The detailed understanding of the electro-
optical properties of these systems requires the correct
interpretation of the EA spectra. The magnitude of the
electro-optical effect is a strong function of particle size.
Intuitively, the largest electro-optical response should be
found in the largest particles since these wave functions are
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more easily polarized, provided the exciton is prevented
from ionizing by the quantum confinement. This is seen
qualitatively from experiment although the functional depen-
dence and overall magnitude are smaller than expected.18,19

We now examine the electro-optical response of semicon-
ductor quantum dots over a wide range of particle sizes. We
deconvolve the spectra to experimentally quantify the par-
ticle size dependence of the field-induced redshift, broaden-
ing, and change in oscillator strength of the two lowest ex-
cited states.

The lowest excited state in semiconductor quantum dots
and its dependence on particle size have been extensively
studied.1,21,22 The theoretical interpretation usually assumes
that a single valence band is being quantized. However, three
distinct valence bands exist in most semiconductors of
interest.23 The spherical symmetry of the quantum dots in-
troduces an orbital angular momentum that couples with the
intrinsic j53/2 momentum of the valence-band Bloch
functions.24 The valence bands can no longer be considered
independently. Good quantum numbers are the square and
z component of the total angular momentum,I5 L1J,
whereL is the angular momentum of envelope function and
J is the valence-band angular momentum. As a result, the
hole wave functions contain linear combinations ofl and
l12 envelope functions. Additionally, all three valence-band
Bloch functions must be included to match the boundary
conditions at the quantum dot–host interface.25–27

There are many theories for the calculation of the energies
and optical dipole moments of the higher excited states that
account for the confinement-induced valence-band mixing;
some include the effects of finite confinement potential, non-
parabolic bands, and electron-hole correlation.25,26,28–31

However, there are relatively few experimental studies of the
higher excited states to compare with theory. The size-
dependent hole spectrum of CdSe quantum dots was charac-
terized by two separate research groups. Ekimovet al. used
standard linear absorption spectroscopy and located the ex-
cited states in the relatively featureless spectra by taking nu-
merical derivatives of the data.26 The results were compared
to the theory that they developed.26 Norris et al. studied the
excited states in CdSe quantum dots using two different size-
selective optical spectroscopies: Nanosecond pump-probe
spectroscopy and photoluminescence excitation
spectroscopy.27 The nature of the hole energy state spectrum
depends heavily on the effective-mass parameters of the bulk
crystal. For example, the ground-state~lowest-energy! hole
wave function for CdSe and other semiconductors with a
large spin-orbit splitting energy has total angular momentum
I53/2 and is therefore a mixture of the two uppermost bulk
valence bands and contains a combination of theS andD
envelope wave functions.25,26,28In contrast, CdS has a small
spin-orbit spitting and its ground-state hole wave function is
predicted to haveP symmetry.29 It follows, therefore, that
excited states in CdSxSe12x quantum dots, withx.0, should
now be investigated.

This paper focuses on two issues concerning semiconduc-
tor quantum dots: The nature of the excited electron-hole
states and the magnitude of the electro-optical response.
Both issues are addressed with data obtained from a detailed
electroabsorption study involving several particle sizes of
CdS0.44Se0.56 quantum dots in glass. The particle sizes range

from 2ax ~intermediate confinement! to 0.5ax ~strong con-
finement!, whereax'3.5 nm is the bulk Bohr exciton radius
for this semiconductor composition. We have included
samples with particle sizes ranging from the intermediate to
strong confinement regimes because this allows us to ob-
serve the evolution from a bulklike valence-band structure to
the more complicated quantum-confined band structure.
Sample preparation and electroabsorption experimental
methods are described in Sec. II. The results are given in
Sec. III. The energetic positions of the excited-state transi-
tions are easily located in the EA data. As many as six tran-
sitions can be observed in some spectra. Also included in
Sec. III is a description of the spectral deconvolution, which
is necessary so that the effects of the electric field on the
electronic states can be quantified. In Sec. IV, we discuss the
results of Sec. III in terms of the available theories with
emphasis on the identification of the excited-state transitions
and the magnitude of the electro-optical response. Finally, a
summary and conclusion are given in Sec. V.

II. EXPERIMENT

The samples were prepared by thermal treatment of com-
mercially available Schott RG630 filter glass. Raman spectra
show that the particle composition is unaffected by this
treatment.32 Details of the sample preparation and character-
ization are published elsewhere.33 Ten samples were studied
with average particle radius ranging from 6.2 to 1.7 nm.18

Direct particle-size measurements of five samples were made
by transmission electron microscopy~TEM!. We estimated
the particle size of the remaining samples by assuming that
the energy shift in the lowest excited state is given by
Ex5Eg1\2p2/2mR2, whereEg is the bulk band gap,m is
an effective-mass parameter, andR is the particle radius.1,2

The particle radii from TEM~samples RG-1, RG-3, RG-6,
and RG-7! were used to obtain a reasonable fit with the func-
tion above usingEg51.93 eV andm50.15me . The TEM
measurement of RG-8 was excluded because the particle size
was below the resolution limit of the electron microscope.

The samples were polished to a thickness of 70–120
mm using standard 600-grit wet/dry sandpaper followed by
chemomechanical polish. The polished samples were sand-
wiched between two indium-tin-oxide coated glass slides,
which served as electrodes. A thin piece of transparent plas-
tic film along with a small amount of an insulating, index-
matching fluid ~Fluorinert34 FC-70! were also included to
avoid unwanted signal from modulation of the air space be-
tween the sample and the electrode.

The electroabsorption experiment is the same as in Ref.
18. The probe beam was derived from a 150-W Xe arc lamp
passed through a 0.25-m monochromator; the spectral reso-
lution was about 20 meV atl5600 nm. The transmitted
light was detected with a Si photodiode with no reverse bias.
The photodiode current was amplified with a basic
operational-amplifier current-to-voltage circuit, which had a
gain of 106 V. The output of this preamp was connected to
both a Stanford Research Systems SR530 lock-in amplifier
to monitor the modulated~ac! light intensity and a Keithley
197 digital multimeter to monitor the dc transmitted light
intensity. A variable neutral density filter placed in front of
the sample kept the dc intensity level constant to65%. A
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sinusoidal voltage of about 1-kV peak was applied across the
electrodes resulting in an external electric field of about 100
kV/cm. The frequency of the applied voltage was 1.75 kHz
and the modulation signal was recovered at twice the modu-
lation frequency~3.5 kHz! by the lock-in amplifier. The ex-
periment was performed at room temperature.

III. RESULTS

A. Electroabsorption spectra

Electroabsorption spectra for all ten CdS0.44Se0.56
samples are shown in Figs. 1 and 2. The electric-field-
induced change in absorption is obtained simply from

Da5S 2
1

dD DT

T
, ~1!

where DT is the modulated~ac! transmissivity,T is the
steady-state~dc! transmissivity, andd is the sample thick-
ness. Because of the variation in thickness between samples,
the applied field was different for different samples. In order
to make quantitative comparisons between spectra, all the
spectra were normalized to a reference electric field strength
of 100 kV/cm.

Spectral features~zero crossings, positions, and relative
magnitude of maxima and minima! are independent of field
strength up to 100 kV/cm. The signal magnitude scales with
the square of applied field. When the modulation signal is
proportional to the square of the perturbation, as in this case,
the signal is recovered from the lock-in at twice the modu-
lation frequency and 90° out of phase with the reference

signal as shown below. The modulation signalVac is propor-
tional to the electric field squared,uFu2, or

Vac}uF0sin~vt !u2}
F0
2

2
@11sin~2vt2p/2!#. ~2!

We also monitored the signal at the fundamental modulation
frequency and determined that there was no linear compo-
nent of the electro-optical response.

Standard linear absorption data for these samples are
given in Ref. 18. The characteristic blueshift of the lowest-
energy transition is easily seen. However, the peaks are
broad and, at most, only three peaks can be observed in the
data. In the electroabsorption spectra, any2Da peak indi-
cates the existence of a separate electron-hole transition, as-
suming that the electric field cannot cause a blueshift or nar-
rowing of the absorption band. This assumption is justified
since the energy of the system must decrease in the presence
of an electric field.4 The fact that each transition has~at
most! a single2Da minimum can be seen by examining the
spectral line-shape function described in Sec. III B below.
For purposes of discussion, we have labeled the spectral fea-
tures in Figs. 1 and 2 asA, B, C, D, andE. A sixth feature
appears in sample RG-4 at 3.35 eV~see Fig. 1! but it is not
labeled since a similar feature could not be positively iden-
tified in any other sample.

As the particle size is decreased, the position of the lowest
spectral feature (A) shifts upwards in energy from 1.95 eV in
sample RG-1~Fig. 1! to 2.70 eV in sample RG-10~Fig. 2!.
Also notice that the width of the spectral features increases
with increasing energy. This inhomogeneous broadening is
due to the distribution of particle sizes and shapes. Sample
RG-1 contains the largest quantum dots with 6.2-nm average

FIG. 1. Electroabsorption spectra of the CdS0.44Se0.56 quantum
dots in glass for a field strength of 100 kV/cm. The spectra are
normalized so that the magnitude of the lowest-energy structure is
constant. Actual maximum magnitudes are~in cm21) 0.17~RG-1!,
0.077~RG-2!, 0.019~RG-3!, 0.021~RG-4!, and 0.015~RG-5!. Each
label appears near a2Da peak.

FIG. 2. Electroabsorption spectra of the CdS0.44Se0.56 quantum
dots in glass for a field strength of 100 kV/cm. The spectra are
normalized so that the magnitude of the lowest-energy structure is
constant. Actual maximum magnitudes are~in cm21) 0.019 ~RG-
6!, 0.0088 ~RG-7!, 0.0033 ~RG-8!, 0.0020 ~RG-9!, and 0.00035
~RG-10!. Each label appears near a2Da peak.
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radius. Only two sharp modulation features are evident in
this spectrum,A andB, centered at 1.95 and 2.29 eV, re-
spectively. These spectral structures have been previously
identified as transitions from the highest valence band and
the spin-orbit split-off valence band.17 This spectrum is dif-
ferent from the spectra of the smaller particles, which show
additional transitions. Also, this EA spectrum is not bulklike
since no Franz-Keldysh oscillations are present. We believe
that the absence of additional peaks is the result of this par-
ticular sized quantum dot in which the exciton binding en-
ergy, confinement energy, and electric-field energy are of the
same order.

In the smaller particle-sized samples~RG-2 through RG-
10! the additional spectral features are denoted by the letters
C, D, andE. The electronic transition labeledC appears
first in sample RG-2. As the particle size decreases, this fea-
ture grows until it appears to merge with the spin-orbit fea-
tureB ~see Fig. 1, sample RG-5!. For the samples containing
the smallest particles~RG-9 and RG-10! again only two
spectral features can be positively identified. Notice, too, that
the spectra in Figs. 1 and 2 are normalized. The actual mag-
nitude of the electro-optical response decreases by a factor of
; 500 from the largest particles~RG-1! to the smallest~RG-
10!.

B. Line-shape analysis

In order to quantify electric-field response of the elec-
tronic transitions in the electroabsorption spectra, we fit the
data with a first-derivative line-shape function.18,35 In a bulk
semiconductor, the change in the absorption coefficient in-
duced by the electric field is proportional to the third deriva-
tive of the zero-field absorption~excluding excitonic
effects!.36,37However, since the electrons are confined inside
the quantum dot, they cannot accelerate in the electric field.
The electric-field-induced change in the dielectric function is
proportional to the total first derivative of the unperturbed
dielectric function with respect to the electric field35,38

De5
]e

] f n,n8
D f n,n81

]e

]En,n8
DEn,n81

]e

]Gn,n8
DGn,n8, ~3!

where f n,n8 is the oscillator strength,En,n8 is the transition
energy, andGn,n8 is the linewidth of the electron-hole tran-
sition labeled by the subscriptsn andn8, which indicate the
possible quantum numbers of the electron and hole, respec-
tively. The effects of the electric field on the oscillator
strength, transition energy, and width are determined from
the coefficientsD f n,n8, DEn,n8, andDGn,n8. The contribu-
tions of the individual terms in Eq.~3! to the total line-shape
function are shown graphically in Ref. 39. For electroab-
sorption, the perturbation of the real part of the dielectric
function is neglected.40 The imaginary part of the dielectric
function is, of course, proportional to the absorption coeffi-
cient. We assume that the absorption band for each electron-
hole transition (n, n8) can be written as a Gaussian function,
which is appropriate for inhomogeneously broadened exci-
tonic absorption.9,41,42 The EA spectrum is the sum of the
derivative functions from the individual electron-hole transi-
tions.

The commercially available software,PEAKFIT,43 was
used to fit the first derivative line-shape function to the data.

The line-shape function was input intoPEAKFIT as a user-
defined function.PEAKFIT allows the initial parameter values
to be selected with the aid of a graphic interface and solves
for the parameters using the Marquardt-Levenberg nonlinear
least-squares algorithm.43 Unfortunately, curve fitting is as
much an art as a science. The spectral peaks overlap and the
final parameter values depend to some extent on the initial
values. To minimize the ambiguity in the parameter values,
we used the smallest number of parameters necessary to sat-
isfactorily fit each peak. In most cases, for the peaks labeled
A andC, including the broadening parameterDG did not
statistically improve the quality of the fit. For the spin-orbit
peak (B), the energy shift parameterDE was not needed.
The quality of the curve fits was determined by the correla-
tion coefficient. All curve fits had correlation coefficient
r>99% except samples RG-9 and RG-10, which had
r597% andr590%, respectively. We point out that a single
spectrum cannot be considered in isolation. An important
part of the curve fitting procedure is the ability to track the
evolution of the peaks through many particle sizes.

Linear optical absorption data were used to convert the
parameter values into physical quantities.40 The quantities
DE, DG, andD f / f are independent of both the oscillator
strength and width of the absorption band and are most
closely associated with properties of a single quantum dot.

Typical curve fitting examples are given in Figs. 3~a! and
3~b! for sample RG-3. In Fig. 3~a!, only two transitions are
used in an attempt to fit the spectrum. Clearly, the fit is
unsatisfactory in the 2.15–2.30-eV region. This shows ex-
plicitly that there is no possible way to account for the small
2Da peak considering only the fundamental (A) and spin-
orbit (B) transitions. The appropriate curve fit is given in
Fig. 3~b!, which uses three transitions corresponding to each
2Da peak.

The curve-fitting procedure allows the quantitative deter-
mination of the field-induced modulation mechanisms
through the three parameters describing the redshift, broad-
ening, and change in oscillator strength. For the larger par-
ticle sizes, RG-1, RG-2, and RG-3, spectral featureA is best

FIG. 3. Electroabsorption and curve fit for sample RG-3 using
~a! only two electronic transitions and~b! three electronic transi-
tions, corresponding to the three2Da peaks.
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fit using a redshift in exciton energy, broadening, and a
decrease in oscillator strength. The ratio of broadening to
redshift decreases from 2 for sample RG-1 to 0.6 for sample
RG-3. For samples RG-4 through RG-10, the broadening
parameter is zero. The spin-orbit feature (B) is dominated by
broadening with some decrease in the oscillator strength.

In all samples where it appears, we find that featureC is
best modeled with a redshift and anincreasein the oscillator
strength. This fact is used to identify this higher-energy spec-
tral feature in samples RG-5, RG-6, RG-7, RG-8, RG-9, and
RG-10. There is some question about the identity of feature
C in samples RG-6 and RG-7 since this feature appears at an
energy approximately 0.33 eV above the lowest-energy tran-
sition and could be confused with the spin-orbit transition.
We identify this as spectral featureC since it can only be
modeled assuming an increase in oscillator strength. This can
be seen qualitatively from Fig. 2. Consider the1,2,1Da
lobe structure of the lowest-energy transition. For all these
samples the1Da lobe on the high-energy side of the tran-
sition is larger~in magnitude! than the corresponding1Da
lobe on the low-energy side. Compare this with the EA spec-
tra for RG-1, RG-2, and RG-3 in Fig. 1 where the1Da
feature on the high-energy side is smaller than the lower-
energy1Da lobe. Only an increase in oscillator strength
~corresponding to a1Da) of the second, higher-energy
transition can satisfactorily account for this feature in those
spectra in which these features overlap.

C. Error in the parameter estimates

The two important aspects of the electroabsorption data
are the locations~in energy! of the spectral features and the
magnitude of the spectra as a response to electric field. The
error in the energetic locations of the spectral features~peaks
and zero crossings! is a function of the resolution of the
monochromator and the signal-to-noise ratio and is less than
1 meV. However, the line-shape analysis shows that the elec-
tronic transition energy may not strictly coincide with either
a 2Da peak or a zero crossing. For this reason, the upper
limit on the error in the electronic transition energy obtained
from the curve-fitting procedure is on the order ofG/2,
whereG is the ~Gaussian! transition width.

The magnitude of the electric-field-induced redshift,
broadening, and change in oscillator strength are subject to
two sources of uncertainty: uncertainty in the internal
electric-field strength and uncertainty in the curve-fitting pa-
rameters. The applied electric field is estimated by measuring
the voltage applied across the electrodes and dividing by the
thickness of the sample structure, which consists of the glass
sample plus two sheets of plastic film.~There is a negligible
potential drop due to the finite resistance of the electrodes.!
Note that the applied electric field is different than the elec-
tric field inside the semiconductor particle, which is esti-
mated below. All the results shown are normalized to an
appliedelectric-field strength of 100 kV/cm.

The absolute magnitude of the electric field inside the
semiconductor quantum dot is estimated as follows. The
voltageV is applied across the glass sample, with static di-
electric constantegl'5 and thicknessdgl , which is sur-
rounded by two layers of plastic film, each with dielectric
constante f'2 and thicknessdf . Since the dielectric con-

stant of the plastic wrap is lower than the dielectric constant
of the glass-semiconductor composite sample, a nontrivial
amount of the electric field is dropped across the plastic film.
From basic electrostatics, the field across the glass sample is

Fgl5
e f@2~df /dgl!11#

2egl~df /dgl!1e f
F0 , ~4!

whereF05V/(2df1dgl) is the applied electric-field magni-
tude. The sample thickness is nominally 100mm and each
layer of plastic film is about 12mm so that 75% of the
applied field is dropped across the glass sample.40

The difference in the dielectric constants of the glass host
material and the semiconductor particles must also be con-
sidered. Inside the semiconductor quantum dot, the field is
obtained from44

FQD5
egl

ge
QD

1~12g!egl
Fgl , ~5!

where e
QD

59.0 is the static dielectric constant of the

CdS0.44Se0.56 semiconductor particle andg is a geometrical
depolarization factor equal to 1/3 for a sphere. Therefore the
electric field inside the particle is 80% of the field across the
glass or roughly 60% of the applied field.

A large part of the uncertainty in the parameter estimates
originates from the uncertainty indf and dgl . The sample
thickness is measured with a standard mechanical microme-
ter and is uniform to less than 5mm or 5%. The actual
thickness of the two layers of plastic film can vary up to
610 mm depending on how tightly the sample sandwich is
squeezed together. This results in an error in the estimation
of the applied electric field of 15%. The error in the normal-
ization of the spectra to the same electric-field strength is
30%, since this normalization depends on the field squared.
This, then, is the dominant source of error in the relative
magnitude of the field-dependent parameter estimates~red-
shift, broadening, and change in oscillator strength!. The sec-
ond source of error comes from the inherent uncertainty in
the parameters due to curve fitting. The error in the param-
eter values obtained from the curve-fitting procedure is esti-
mated from the 90% confidence limits and depends on the
both the standard deviation of the experimental data and the
amount of peak overlap. For the samples with the largest
particle sizes, this error may be as low as 3% for the lowest-
energy transition. However, for the smallest particles this
error can be as large as 50% for the relatively small spectral
features, which have a significant amount of overlap as in
sample RG-5~see Fig. 1!.

IV. DISCUSSION

A. Hole energy spectrum

The excited-state transition energies from the electroab-
sorption data are shown in Fig. 4. The excited-state energies
were obtained from location of the2Da minima in the EA
data. Since the higher excited states are plotted as differences
from the lowest excited state, these data should be insensi-
tive to EA line shape. No single simple theory is available to
explain the data shown in Fig. 4 since the particle sizes ex-
tend over two quantum-size regimes, intermediate and strong
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confinement. The band gap for a bulk material of this com-
position, CdS0.44Se0.56 is about 1.93 eV. Therefore, the ki-
netic energy due to quantum confinement is experimentally
given byEQC5EA21.93 eV. Based on simple theory,1,21 a
particle with radiusR5ax has confinement energy approxi-
mately equal to 0.3 eV. Roughly, then, the samples with
EQC less than 0.3 eV~or EA,2.23 eV! are in the intermedi-
ate confinement regime and samples withEQC.0.3 eV are in
the strong confinement regime. Of course there is no clear
distinction between the confinement regimes and evolution
of wave functions and energy levels from one regime to the
other needs to be addressed theoretically.

We will discuss the results in terms of the confinement-
induced valence-band mixing theory using the notation of
Ekimovet al.26 to label the excited states. The electron states
are simply given bynLe , wheren is the number of the level
in energy ordering andL is the angular momentum of the
envelope function in atomic notation,S,P,D,F . . . for
l50,1,2,3 . . . The subscripte is a redundant reminder that
this is an electron state. The hole states are given bynLI ,
wheren is the number of the level of a given symmetry~as
with the electron states!, L is the minimum orbital angular
momentum of the envelop function included in the hole
wave function~the other isL12), andI is the total angular
momentum of the state. For example, the highest hole state
wave function for CdSe and other semiconductor quantum
dots with a large~bulk! spin-orbit splitting energy has
I53/2 and is a combination of theS andD orbital wave
functions.25,26,28

The lowest-energy transition (A) in all our spectra is
identified as the 1S3/2-1Se excitation. The shift of peakB is
nearly constant with respect to the 1S3/2-1Se (A) for the
larger particles, EA,2.25 eV. This splitting is
EB2EA50.3360.01 eV. This means that either the quanti-
zation of the electron is dominating over that of the hole~as
in the intermediate confinement regime! or the two valence
bands are being independently quantized at the same rate.
The latter explanation requires that the effective mass of the

holes is approximately the same for each of the valence
bands. In either case, spectral featureB is identified as the
transition from the spin-orbit split-off valence band and the
1Se conduction band. This identification is consistent with
the expected splitting for material of this composition.33,45

We have confirmed that the splitting of this feature shifts
properly with particle composition for large particles. At en-
ergyEA'2.25 eV, transitionsB andC overlap. At energies
EA.2.25 eV, only transitionC is observed.

An interesting consequence of the confinement-induced
valence-band mixing is the ‘‘disappearance’’ of the transi-
tion from the spin-orbit valence-band hole state to the lowest
electronic state. This should occur for materials with a large
spin-orbit splitting and is implicit in the calculations of Eki-
mov et al. for CdSe.26 When the confinement energy is on
the order of the spin-orbit splitting energy, there is signifi-
cant mixing of all three valence bands for states with
I53/2 and lowest-energy state hasS symmetry. However,
for I51/2, even parity states, the lowest state hasP symme-
try and does not contain the heavy-hole valence band. It is
this state that converges to the top of the spin-orbit valence
band asR→`. This explains the constant~bulklike! shift of
the spin-orbit-derived transition relative to the 1S3/2-1Se for
the larger particles. As the confinement energy approaches
the spin-orbit splitting energy (DSO50.33 eV), the state that
evolves primarily from the spin-orbit valence band takes on
its P-like character. Therefore, in the smaller quantum dots
this state is not optically connected to the 1Se state. This is
seen to occur at aboutEA52.25 eV.

The identification of the transition labeledC relies on its
response to electric field. Recall that transitionC is charac-
terized by an increase in oscillator strength with applied
field. The probability of dipole allowed transitions in the
semiconductor quantum dot is determined by the square of
the overlap integral of the electron and hole wave
functions.2,26,30 An increase in oscillator strength~with ap-
plied electric field! can occur as a result of a previously
forbidden transition becoming allowed. The electric field
does couple states with different angular symmetry so that
transitions withD l561 become possible. However, theC
transition appears in the linear absorption data, indicating
that it is a dipole allowed transition or that the quantum dot
is not perfectly spherical.

Valence-band mixing also modifies the radial quantum
number selection rule so that transitions fromnL hole states
to mL electron states become allowed fromnÞm provided
the angular quantum number is conserved.26,30 Transitions
from a hole state that has a bimodal charge distribution
(n52! to an electron state with a unimodal charge distribu-
tion (m51! is allowed. This means that a field-induced red-
shift can be accompanied by an increase in the overall
electron-hole overlap. For this reason theC peak is identified
as the 2S3/2-1Se transition.

At this time we have not attempted to identify transitions
D, E, and F of Fig. 4. Comparisons of the quantum-size
levels with the calculations for CdSe~Refs. 25 and 26! and
CdS ~Ref. 29! reported in the literature can only be made
qualitatively. Correct identification of the transitions requires
calculations of the hole energy levels for our ternary com-
pound. We are also unable to draw any quantitative conclu-

FIG. 4. Electron-hole transition energies from the electroabsorp-
tion data. The transition energies are plotted relative to the lowest
excited state,EA , identified as 1S3/2-1Se . The dashed lines connect
similar transitions, for example, all the third excited states are con-
nected, and are intended as visual guides. The letters (A, B, C,
D, andE) label the transitions as in Figs. 1 and 2.

54 1897EXCITED STATES AND SIZE-DEPENDENT ELECTRO- . . .



sions about the magnitude of the electric-field-induced
modulation mechanisms since these peaks are small and
broad.

We observe that transitions that involve the 1Se electronic
transition are the most sensitive to electric field. Of course,
the higher-energy wave functions are much less sensitive to
the electric field since they reside higher in the quantum
well. Also, there are strictly no bound states in the presence
of an electric field since the electron can always tunnel to a
lower energy level. In the limit that the spacing between
electronic levels was on the order of the electric-field energy,
the discrete levels would appear to be a continuum in the
presence of the field. However this would also be true for the
hole and this effect is not observed for the hole states.

B. Electro-optic response

The measured size dependence of the electro-optic re-
sponse of the CdS0.44Se0.56 quantum dots in glass is shown
in Figs. 5 and 6. The data are the results of the deconvolution
procedure described in Sec. III B. Due to the inherent uncer-
tainties in determining the field-dependent parameter values,
the data are plotted on a semilogarithmic graph to emphasize
that we should interpret the data in terms of trends and orders
of magnitude. The error in the parameter values is discussed
in Sec. III C. The data shown are for the first two excited-
state transitions, labeledA andC ~Figs. 1 and 2!. Sample
RG-9 was not included for the following reasons. This
sample was broken while being polished and the only piece
usable for the electroabsorption measurements was very
small ~only a few millimeters square! and about 30mm
thick. It was impossible to ensure that all of the probe light
was going through the sample to reach the detector. Also, the
small thickness meant that estimation of the electric field was
subject to greater error. While this has no effect on the line
shape, the uncertainty in the magnitude of the electro-optical
response was so large that the sample was not useful for this
analysis.

Before examining the data more closely, we briefly re-
view the electric-field effects on the electronic transitions in
a semiconductor quantum dot. In a bulk semiconductor, the
effect of the electric field is well documented.36,46,47Prima-
rily, the effects are a finite, exponentially decreasing absorp-
tion tail below the band gap and pseudo-periodic oscillations
above the band gap~Franz-Keldysh oscillations!. In semi-
conductors with a prominent exciton peak, the effect of the
electric field is to ionize the exciton and therefore broaden
the peak due to the decreased lifetime. In quantum dots, the
exciton cannot ionize since it is confined by the quantum dot
boundary; in fact the exciton is stable up to many times the
classical ionization field.11,25 The main effect of the electric
field is to lower the electron-hole transition energy. The en-
ergy of the system is lowered due to an increased separation
of the electron and hole~polarization!. The effect is referred
to as the quantum-confined Stark effect since the field-
induced separation is quadratic in the electric field and oc-
curs whether the electron and hole are bound by their mutual
Coulomb interaction~as in the weak or intermediate confine-
ment limit! or bound by the walls of the quantum well~as in
the strong confinement limit!. In addition to a redshift of the
transition energy, the oscillator strength and selection rules
are modified in the presence of the electric field. For the
lowest-energy transition, 1S3/2-1Se , the spatial separation of
the electron and hole results in a decrease of the electron-
hole overlap and hence the oscillator strength. The electric
field also couples states with orbital angular momentuml
and l61 so that transitions between states withS and P
symmetry are weakly allowed. Milleret al. have derived a
general sum rule, which states that the integrated change in
absorption~electric field on minus field off! is zero.8,48 This
means that a decrease in oscillator strength of allowed tran-
sitions is compensated by the growth of forbidden transi-
tions.

In general, calculations of the electric field effect on the
energies and wave functions of quantum-confined electrons
and holes must be done numerically. Perturbation theory
cannot be used in the weak and intermediate confinement

FIG. 5. Electric field-induced redshift for the first~lowest-
energy! excited state (A) and second excited state (C) as a function
of particle size. The dashed line is a fit to Eq.~6! for state A and is
proportional toR4.

FIG. 6. Electric field-induced change in oscillator strength for
the first ~lowest-energy! excited state (A) and second excited state
(C) as a function of particle size. The dashed line is a fit to Eq.~7!
for stateA and is proportional toR6. Note that the change in oscil-
lator strength for stateC is positive, indicating an increase in oscil-
lator strength with applied field.
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regimes since the confinement energy, Coulomb interaction
energy, and applied electric field energy on all of the same
order. No analytic wave function that solves the boundary
conditions and includes electron-hole correlation is possible.
For this reason, variational methods have been used.19

Closed-form approximations are possible in the strong-
confinement limit where the Coulomb interaction is ne-
glected. The field-induced energy shift and change in oscil-
lator strength for the lowest-energy transition calculated
from second-order perturbation theory are given by49

DE1Sh-1Se
520.090M

2e2F2

\2p2 R
4 ~6!

and

D f 1Sh-1Se
f 0

520.080M2
4e2F2

\4p4 R
6, ~7!

whereM5me1mh is the total electron-hole effective mass
and f 0 is the zero-field oscillator strength.

The size dependence of the field-induced redshift for the
lowest excited state is shown in Fig. 5. Recall that these data
represent the intrinsic electric field response of a single quan-
tum dot; the parameter values are independent of both the
oscillator strength and the width of the absorption band. In
the strong-confinement limit, the Stark shift is given by Eq.
~6!. This model was compared to the data in Fig. 5. Using the
electric field as an adjustable parameter, this simple
perturbation-theory result fits the smaller particle sizes~less
than 3 nm! reasonably with an electric field of 13 kV/cm.
This is about 5 times smaller than the estimated field inside
the quantum dots of 60 kV/cm. The larger particle sizes
show a much weaker electric-field response dependence on
particle radius; the dependence is approximately proportional
to R. The redshift for the second excited state,C, shows an
interesting behavior~Fig. 5!. The redshift increases with de-
creasing particle size for the particles with average radius
R>3 nm and then decreases with decreasing particle size for
particles withR,3 nm. The rate of decrease is approxi-
mately the same as for the redshift of theA transition.

The change in oscillator strength induced by the electric
field as a function of particle size is shown in Fig. 6. The
data were compared to the prediction of second-order pertur-
bation theory, Eq.~7!. As for the redshift, the electric-field
magnitude was used as an adjustable parameter. An electric
field of 7 kV/cm seems to match the small particle sizes.
Note that the sign of the change in oscillator strength is dif-
ferent for transitionsA andC in Fig. 6.

The redshift of the lowest-energy exciton peak that we
observe is much smaller than the shift of the exciton in
GaAs-based quantum-well device structures. Milleret al.ob-
served shifts of; 5 meV for an electric field strength of 60
kV/cm in multiple GaAs/AlxGa12xAs quantum-well
structures.4,5 These wells consist of alternating 10-nm layers
of GaAs and AlxGa12xAs. The bulk Bohr exciton radius for
GaAs is about 15 nm. It is difficult to compare the amount of
confinement in the quantum wells to quantum dots because
the quantum wells are finite wells and the confinement is
only in one direction. In any case, the largest redshift that we
observed was 0.05 meV for theR56.2 nm particles with an

estimated internal electric field of 60 kV/cm. Theoretically,
the electric-field-induced energy shifts for the quantum dot
should be identical to those in a quantum well of the same
thickness~if the Coulomb interaction is neglected!.8 Nomura
and Kobayashi point out that the Coulomb interaction is
more important in quantum dots than in quantum wells since
the ratio of Coulomb interaction energy to confinement en-
ergy is higher in quantum dots.19 Based on calculations, they
conclude that the Coulomb interaction cannot be neglected
even for particles as small asax/3. However, including the
Coulomb effect in their variational calculation failed to ac-
count for the small field-induced energy shifts that they ob-
served in their quantum-dot system.9,19

As stated above the small-particle electric field response
indicates that the electric field inside the quantum dot is 5–7
times smaller than is estimated from the applied field.
Charges may be present on the quantum-dot surface. If these
charges exist in a surface band they may be very efficient at
screening the electric field.~The surface band structure has
been calculated by Wang and Duke50!. Alternatively, the
lowest excited state may be a mixture of anS-like interior
state and intrinsic surface states as suggested by Bawendi
et al.51 This would result in a state that has charge distribu-
tion maxima at the center and surface of the quantum dot
making it much less sensitive to electric field.

Field-induced broadening was found to be a significant
effect in theA transition only for the three largest particle
sizes, RG-1, RG-2, and RG-3. Therefore, we cannot draw
any conclusions about the size dependence of this effect. We
think that it is unlikely that any three-lobed structure in the
EA spectrum of the lowest excited state is broadening caused
by field ionization of the exciton, although this has been
suggested by some researchers.19 The applied electric fields
are actually on the order of or less than the classical ioniza-
tion fields for bulk CdS and CdSe,F5140 and 60 kV/cm,
respectively.47 The confinement is known to increase the
binding energy of the exciton, thereby allowing it to survive
in fields many times the bulk ionization field.11,25 Field-
induced broadening is not important for smaller particles.
However, broadening does seem to be the dominant electro-
optical effect for the states originating from the spin-orbit
split valence band. This indicates that the hole can tunnel
from the spin-orbit band to a lower valence band in the pres-
ence of the electric field.

It has been argued that the dominant electroabsorption
mechanism for the lowest excited state is broadening, based
on comparisons of EA spectra with second derivatives of
linear absorption.16 This is explained by assuming that the
lowest electronic state in CdSe quantum dots has a signifi-
cant dipolar character due to wave-function mixing with the
surface state. The dominant electric-field effect on an en-
semble of randomly oriented dipoles is to effectively
broaden the transition and is, in fact, quadratic in the electric
field.16,20However, this theory fails to account for any redis-
tribution of oscillator strength in the presence of the applied
field. Norris et al. have suggested that in the limit of broad
absorption linewidths, larger than both the field-induced
shifts and separation between states, a redshift of the transi-
tion energy along with the appearance of forbidden transi-
tions can appear to be a single broadened transition.27 The

54 1899EXCITED STATES AND SIZE-DEPENDENT ELECTRO- . . .



EA line shape will then resemble the second derivative of the
linear absorption with respect to energy.

C. Implications for device applications

The fact that the magnitude of the field response is much
smaller~25–50 times! than the theoretical prediction is trou-
bling. Either the current theory of the nature of the excited
states is quantitatively incorrect, or there is an important
screening mechanism that we have overlooked. In this sec-
tion we discuss the consequences of the experimental results
for potential device applications.

Three fundamental design considerations for devices
based on the QCSE are the modulation depth~on/off inten-
sity ratio!, the accompanying change in the real part of the
index of refraction and the bandwidth.52 The intrinsic band-
width is a function of the response time of the electron-hole
pairs and cannot be addressed with this experiment. A figure
of merit for the strength of the electro-optic effect is given by
Da/a. A graph ofDa/a for sample RG-1 is shown in Fig.
7. Recall that sample RG-1 contains the largest particles,
R56.2 nm or about twice the Bohr exciton radius. Almost
all the electro-optic response is concentrated in the lowest-
energy transition. Many more electronic states exist but they
are not affected by the field. The maximum fractional change
in absorption is only about 1% and this is at least an order of
magnitude below what is necessary for practical applica-
tions.

A problem inherent in electroabsorption modulators is
frequency chirping due to the change in the real part of the
index of refraction.52 Figure 8 shows the change in index of
refraction for sample RG-1 calculated from the Kramers-
Kronig relation

Dn~v!5Pr
c

pE0
` Da~v8!

v822v2dv8, ~8!

where Pr denotes the principal part of the integral. Compar-
ing Fig. 8 with Fig. 7 shows that the maximum change in
absorption occurs near a zero change in the index of refrac-
tion, which is ideal characteristic for a modulation device
based on electroabsorption.

The electro-optical response of semiconductor quantum
dots requires further study. TheR4 dependence of the red-
shift for the small particles suggests that larger particles are
more useful for practical applications. There must be enough
quantum confinement to stabilize the exciton in the electric
field and concentrate the oscillator strength into discrete
lines, but not enough confinement to produce confinement-
induced valence-band mixing effects. The disadvantage of
intermediate confinement is that the excited states are closer
together. However, since the higher excited states are not
sensitive to field, as in sample RG-1, this confinement re-
gime offers the most promise.

V. CONCLUSION

Electroabsorption was used as a sensitive probe of the
electronic transitions in CdS0.44Se0.56 quantum dots in glass.
Ten samples with average particle radius ranging from
R56.2 nm toR'1.7 nm were studied. These particle sizes
range from the intermediate to strong confinement regimes.
Only two electro-optically active transitions are observed in
the largest particles. Up to six quantum-size levels can be
observed in the intermediate-sized particles. The evolution of
the transitions through many particle sizes provides evidence
for mixing of valence bands due to quantum confinement.
The electronic transition originating from the spin-orbit split-
off valence band is seen in the larger particle sizes, but dis-
appears when the size is reduced below the bulk exciton
Bohr radius.

The electroabsorption spectra were used to quantify the
electric-field effects on the absorption and index of refraction
of the quantum dots, particularly near the lowest-energy ex-
citonic transition. Transitions involving electron-hole enve-
lope functions withS-like symmetry are the most sensitive to
electric field. The electroabsorption data were fit with a first-
derivative line-shape function to separate the effects of the
electric field on the energy level, width, and oscillator
strength associated with each electron-hole state. For the
smaller particles,R,ax53.5 nm, the redshift of the exci-
tonic transition is found to be proportional toR4 and the
change in oscillator strength is proportional toR6, in agree-

FIG. 7. Normalized change in absorption for sample RG-1.
FIG. 8. Change in the real part of the index of refraction induced

by the electric field for sample RG-1.
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ment with perturbation theory. The larger particles,R.ax ,
have a much weaker dependence on particle size. The field-
induced redshift in the large particles is at least an order of
magnitude smaller than the electric-field induced shift ob-

served in GaAs-based quantum wells with similar confine-
ment, that is, the well width compared toax . Electric-field-
induced broadening of the transition width was found to be
negligible.

*Present address: Materials Science and Technology Division, Na-
val Research Laboratory, Washington, DC 20375-5000.
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