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Fine Structure Splitting in the Optical Spectra of Single GaAs Quantum Dots
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We report a photoluminescence study of excitons localized by interface fluctuations in a narrow
GaAg/AlGaAs quantum well. This type of structure provides a valuable system for the optical study of
guantum dots. By reducing the area of the sample studied down to the optical near-field regime, only a
few dots are probed. With resonant excitation we measure the excited-state spectra of single quantum
dots. Many of the spectral lines are linearly polarized with a fine structure splitting of 2@-e50
These optical properties are consistent with the characteristic asymmetry of the interface fluctuations.

PACS numbers: 78.55.Cr, 71.35.Cc

In this Letter we describe the polarization dependenceave intuitively expect that the optical properties associated
of the optical spectra of single naturally formed GaAswith the localized excitons will reflect this characteristic
quantum dots. Most previous optical studies of quantuninterface structure. In fact, as we will show, this struc-
dots (QDs) have probed large ensembles which have leiral asymmetry can impose a linear polarization on the
to inhomogeneous broadening of the spectral feature®QD exciton and results in a fine structure splitting.
However, recently several groups have shown that it is The sample studied consists of a GaAs buffer followed
possible to study single QDs with photoluminescenceby 5 GaAs quantum wells with varying widths separated
(PL) either by reducing the size of the sample, [1] byby 25 nm Aly Gay ;As barriers. The last barrier layer is
cathodoluminescence [2,3], or by reducing the size of théollowed by a 50 nm GaAs cap. Here we consider only a
laser spot on the sample through microscopic [4,5] 02.8 nm quantum well that was grown with 2 min growth
optical near-field techniques [6]. Here we use a similainterrupts at each interface. Electron-beam lithography
techniqgue whereby we combine high spatial and spectrand metal liftoff were used to open a series of apertures
resolution optics with excitation spectroscopy to study inin an opaque 100 nm thick Al film deposited on the
detail the spectrum of a single QD [7]. With improved surface [8]. The holes, ranging in size from 25 to @6,
resolution we are able to resolve the spectral lines andiere spaced sufficiently far apart to allow optical probing
to study the polarization dependence of the PL spectrurof a single hole. The PL was excited and detected
of an individual QD. We often find that the PL is through the same hole with either an argon laser or a
linearly polarized along the (110) crystal axes and observ&i:sapphire laser with a power density efl0 W/cn?.

a fine structure splitting in each of the spectral lines.The PL was detected with a Dilor triple spectrometer and
These results are analogous to the early days of atomi& charge coupled device detector. The resolution of the
spectroscopy as improvements in techniques allowed the
observation of fine structure splittings in the optical
spectra. However, the physical phenomena responsible
for the effects presented here are unigue to the quantized
condensed matter system.

The QDs we have studied were formed naturally by
interface steps in narrow quantum wells [4—7]. Specifi-
cally, the electrons and holes become localized into QDs
in regions of the quantum well that are a monolayer wider
than the surrounding region and, therefore, have a slightly
smaller confinement energy. These well width fluctua-
tions arise from monolayer-high islands at the interfaces
which are randomly formed on the growth-interrupted sur-
face by the migration of the cations to step edges. By in-
terrupting the growth these islands can grow to diameters
larger than the exciton Bohr diameter (20 nm). A scan-
ning tunneling microscope image of a growth-interruptedF!G. 1. A representative scanning tunneling microscope im-

GaAs surface grown under similar conditions as our quan@d€ 0f @ GaAs surface which has been kept at growth tem-
erature for several minutes under an As flux before being

tum dot sample is shown in Fig. 1. Large mono'layer-higl“Eomed and measured. The changes in gray level correspond
islands of varying lateral sizes are evident, &melislands  to 1 monolayer-high changes in height. One observes that the
tend to be elongated along the /0] crystal axis. Thus islands are aligned approximately along fh&0] axis.
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PL spectroscopy was determined by the spectrometer andIn Fig. 3(a) qualitative differences in the excitation
is 30 ueV. The resolution of the excitation spectroscopyspectra for the 10 and 11 monolayer regions are evident.
was determined by the laser linewidth which~§ peV.  Within the 11 monolayer region there are a relatively
The polarization was analyzed using a half wave platesmall number of PL lines (about 15). The excitation
and a polarization analyzer. We also note that wespectra of most of these lines [Fig. 3(b)] contain discrete
have measured the magnetic field dependence of the Qi2sonances which merge into quaisicontinua near the
discussed in detail below and find that the measured lineanergy of the 10 monolayer region. Such discrete spectra
polarization becomes circular at sufficiently high magneticare a signature for excited states of QDs. To estimate the
field. Therefore, anisotropies in the optical system cannatypical size of the QDs we take the simplest model for the
account for the observation of linear polarization of theQD potential which is to assume that it is defined by a
QD discussed below. monolayer-high interface island. In the growth direction
The PL from this sample as measured through «®%  the potential offset is the AkGa, -As barrier (300 meV),
aperture is shown at the bottom of Fig. 2. The PL arisesvhile in the lateral dimensions the potential is defined by
from the heavy hole exciton and is split into a doubletthe difference in confinement energy due to the monolayer
with a splitting of 11 meV. The components of this difference in well width (11 meV). From the energy
doublet are due to recombination of the exciton in 10 andpacings of the QDs, we estimate that a typical QD size
11 monolayer-wide regions of the quantum well. Withis on the order of 100 nm. Therefore, the area of the
decreasing aperture size (Fig. 2) the two broad peaks splample from which these PL lines originate is about 10
into a series of extremely sharp lines, the number ohm? which is ~2% of the area in the 1..xm aperture.
which decreases with decreasing aperture size. Previols contrast, in the 10 monolayer region the PL lines are
studies have shown that these lines arise from excitonsiuch more closely spaced, and, although there is sharp
localized into QDs by the interface fluctuations [4-7]. structure in the excitation spectra, the resonances are
The intensities of the sharp lines are extremely sensitiveontinuous and extend down to the detection energy. This
to excitation energy. This behavior is shown in Fig. 3quasicontinuous behavior indicates that the 10 monolayer
for a 1.5um aperture. The color scale represents theegions are so closely spaced that they have merged into a
intensity of the PL recorded as a function of both the2D quasicontinuum.
PL and laser energy. For this plot the laser was stepped Most of the QDs in the 11 monolayer region have
in units of 100ueV. A horizontal line profile of this unique excitation spectra. These QDs are assumed to be
plot shows the PL spectrum at a particular laser energisolated and independent. This is not surprising because
while a vertical slice gives the excitation spectrum for athese QDs represent 2% of the total area of the quantum
particular PL energy. The diagonal line &t, = Ep,  well and on average are well separated from other QDs
can be viewed as either the excitation energies for thaith similar energies. There are some QDs which have
PL spectra or the ground state energies for the excitatiomore continuous excitation spectra with some common
spectra. The bandpass of the spectrometer did not allolines. We suspect that these QDs are coupled. It is
detection of the PL within 0.8 meV of the laser. easy to appreciate that such behavior can occur from an
examination of the geometries of the islands shown in
Fig. 1. We focus only on the behavior of isolated QDs.
L In particular, we discuss in detail the spectrum of the QD
E =2.4 eV indicated by the arrows in Figs. 3(a) and 3(b).
Hole The PL of the ground state) of this QD, along with
0.2 um the first four lines of its excitation spectrum, are plotted
J Ay <K in Fig. 4. All of the lines are extremely narrow. These
lines are well fit by Lorentzians, and the linewidths vary
from 32 to 51ueV (FWHM). Using the first transition
energy of 2.5 me\(E, — Ej;) and a square well potential
of 11 meV, a lateral dimension ef40 nm is calculated.
An examination of Fig. 1 indicates that the islands are
11 mono. asymmetric with an overall elongated shape. This lack
10 mono. of symmetry lifts the degeneracy and polarizes the optical
spectra. [9,10] The PL from thg; line was obtained by
25 um exciting and detecting with polarizations parallel to each
‘ AR, R other and to one of the (110) axes. With nonresonant
166 167 168 169 170 171 excitation (i.e., 2.41 eV), the spectra are independent of
Energy (eV) the polarization of the source. However, the energies and

FIG. 2. Nonresonant PL spectra excited and detected througitensities of the PL lines depend on the spectrometer
apertures with diameters listed. polarization, shifting slightly in energy with small changes

PL Intensity

1.5 um
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FIG. 3 (color). PL intensities are plotted according to the color scale as a function of PL energy and excitation energy. (a) Both
the 10 and 11 monolayer regions, while (b) is an expanded view of the QD region in the 11 monolayer region. The arrow points
to the QD discussed in the text and in Fig. 4.

in intensity. This behavior arises because the PL lineslowever, the spectrum also contains a large amount of
are composed of doublets with the two componentdroader background emission which is not polarized. This
linearly polarized along perpendicular directions. If theunpolarized emission may originate from less localized or
excitation spectrum is obtained by detecting either onelelocalized excitons.
of the two components, each of the excited states is also We qualitatively consider the origin of the observed
observed to be split into polarized doublets. The resultingpolarization dependence. The relative intensities of the
excitation spectra are shown in the inset to Fig. 4 for thalifferent lines [e.g., the difference in intensities between
first and fourth excited states when excited and detectethe (x'x’) and (y’y’) polarizations forEs, etc.] likely
with the (x/,x’) and(y’,y’), configurations, wheréx, *)  arises from mixing of the heavy and light holes due
corresponds to the polarization of the (incident, detectedp the QD potential [11]. Inversion asymmetries in the
light and x’ and y’ are along the two (110) axes. QD potential and/or local uniaxial strain coupled with
The magnitude and the sign of the splitting vary asspin-orbit interaction may lead to a lifting of the spin
listed in the table in Fig. 4. In the crossed polarizationdegeneracy in the electron and hole single particle states
configurations the PL is much weaker, which indicateg12]. Although calculations for the magnitude of the spin
a polarization memory as the exciton relaxes from thesplittings have not been reported for QDs, spin splittings
excited to the ground state. If the polarizations areat finite wave vector have been observed for quantum well
rotated to lie along the (100) axes, this polarizationstructures [13—15].
behavior is not observed. Specifically, doublets are In addition to this splitting, the exciton states in QDs
measured in the excitation spectra with both parallel andan also be split by the exchange interaction. In quantum
crossed polarizations. While the PL intensities of thewells the heavy hole exciton is split by exchange into
two components of the ground state are approximatelga doubly degenerate level with total angular momentum
equal £20% difference), some of the excited states have/ = 1 and a doublet witly = 2 [9,10]. Only theJ = 1
intensities which differ considerably (Fig. 4). We also states are optically active. Elongation of the in-plane QD
note that energy splittings with varying magnitudes wereconfinement potential will lift the remaining degeneracy
observed in many of the PL lines. We measured thevia the exchange interaction [9,10]. There is an intuitively
excitation spectrum of four QDs within two separatesimple way to understand this. It has been shown that
apertures with high resolution and found energy splittingghe magnitude of the splitting induced by the long-range
in the excited states of all four. Three of the four werepart of the exchange interaction is equivalent to modeling
linearly polarized along the (110) axes. the system as a dielectric medium and calculating the
By measuring the PL from a larger (om) aperture electrostatic response of the system [16]. Although this
in which a larger number of QDs were excited, wecalculation has not been reported for a QD, it has been
obtain additional information on the relative number of performed for a quantum well [16,17]. In this case, when
PL lines which are linearly polarized. We find that a largethe polarization of the exciton is normal to the plane
fraction of those lines that are sharp and exhibit sharpf the quantum well, the depolarization field associated
resonances are linearly polarized along the (110) axesvith the quantum well interfaces leads to a restoring
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asymmetry. However, in the sense that real QDs will
almost certainly contain a certain amount of asymmetry,
the fine structure splitting observed here is likely to be
quite general.

= - 2! E, : In conclusion, with high spatial and spectral resolution
% & By { £ we have obtained the spectrum of a single QD formed by
E 000100 . the potential fluctuations of a narrow quantum well. The
§ AE (ueV) lines are extremely narrow with linear polarization and
o fine structure splitting. This behavior likely arises from
5 E the asymmetry of the interface fluctuations which define
- ) the QDs.
s o E . .
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FIG. 4 (color). The spectrum of the QD indicated by the
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