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Single quantum dot states measured by optical modulation spectroscopy
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Using optical modulation spectroscopy, we report the direct observation of absorption lines from
excitons localized in GaAs single quantum dot potentials. The data provide a measurement of the
linewidth, resonance energy, and oscillator strength of the transitions, and show that states which
decay primarily by nonradiative processes can be directly probed using this technique. The
experiments establish this technique for the characterization of single quantum dot transitions,
thereby complementing luminescence studies. 1999 American Institute of Physics.
[S0003-695(199)00939-7

In recent years, semiconductor quantum d@Bs) have The molecular-beam epitaxMBE)-grown sample
been the subject of many scientific studies. By examiningstructure consists of a 500-A-thick GaAs cap layer, followed
these systems, fundamental physics questions regarding thy 5 GaAs layers with thicknesses of 28, 42, 62, 85, and 142
changes in optical and electronic properties arising fromA, respectively. These layers are separated by 250 A
guantum confinement can be addressed. The quality of th8ly:Ga ;As barriers and have been grown with two minute
QD structures has been greatly improved in the last fewgrowth interruptions at the interfaces. These interruptions
years using new materials and novel growing techniqueé,ead to the formation of large monolayer-high islands that are
However, size variations in the confinement potential andarger than the exciton Bohr radius, which effectively local-
fluctuations in the alloy concentration of the resulting QDsize excitons in QD-like potentials. The top layer is 1000 A of
have complicated the use of traditional far-field spectroscopf@aAs and the stop etch layer is 500 A of AlAs. The substrate
techniques for the characterization of these samples, forcingas removed with a liquid etch and the sample was attached
many groups to develop high spatial resolution techniques t& & sapphire disk to allow for transmission experiments. We
isolate single QD44 Much of this work has relied on pho- focus in the present study on the 42 A layer. High spatial
to|uminescencdp|_) as a probe7 a|th0ugh other techniquestSO'Ution is obtained by exciting excitons in isolated QDs
such as electronic transpdrtapacitance and resonant non- through an aperture in a 100-nm-thick Al mask deposited
linear spectroscofyhave been successfully employed asdirectly on the surface of the sample. The apertures were
well. PL is attractive due to its sensitivity and relative sim- created using e-beam lithography and metal liftoff, and range
plicity because of the difficulty of optically probing indi- from 25 to 0.2um in diametef: Figure ¥b) (top curve
vidual QDs. However, the amount of information that can besShows the luminescence spectrum from a/2% aperture
extracted from PL is limited. For example, fully resonant Which is characterized by two spectral features that corre-
probing is not possible, only luminescent states can be studgPond to the emission from excitons localized in the 15 and
ied and no information about the absolute value of the oscil16 monolayers wide regions of the sample as schematically
lator strength of the transitions can be extracted. Hence, afgPresented in Fig.(@). It can be observed in Fig(l) (bot-
alternative simple method that complements the luminestom curve that when the excitation region is reduced to 0.5
cence studies is needed for the investigation and character-
ization of these quantum structures. [B)

In this letter we report the use of optical modulation
spectroscopy to directly probe the absorption lines of exci-
tons localized in single QD. Three-dimensional confinement
is achieved by lateral confinement in a quantum we\)
structure introduced naturally by monolayer fluctuations.
Modulation spectroscopy, unlike both PL and PL excitation P o
(PLE), allows for the measurement of the resonance fre- Energy [meV]
guency, oscillator strength, and linewidth of all of the optical
transitions regardless of the dominant recombination pro-
cesses. The measured linewidths agree very well with earlier
photoluminescenéend nonlinear spectroscopy studiesr- ‘
formed in these samples. The estimated oscillator strength is )
f~4.2, which is comparable to other Syste?ﬁséx great ad-  FIG. 1. () Diagram of the exciton confined by interface fluctuatiofts.
vantage of the optical modulation spectroscopy method i§um|nescence spectrum following t_he excitation of a(®fp curve ar_1d 0.5

. . . . wm aperturegbottom curve. (c) Luminescence spectrum from a single QD
that it can be easily adapted to investigate other QD System§ a function of the power of the off-resonance optical field (
even in the single QD limit. ~100 Wicnf). (d) A diagram of the experimental configuration.
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um, the inhomogeneously broadened lines break up into &.2 kHz, respectively, and phase-sensitive detection is per-
series of sharp resonances corresponding to single QD statdsrmed at the sum frequency. This helps to eliminate the
Modulation spectroscopy has been used successfully fdvackground signal arising from the pump scattering from the
many years to measure the transmittance and reflectanegertures. The polarizations of pump and probe fields are set
spectra of semiconductor materials and microstructiirt¥)s. orthogonal further decreasing the scattered pump. The
The approach consists of applying a periodic perturbatiorsample temperature is fixed at 6 K. We note that the use of a
that alters the local environment, allowing for a measuremeni@ser as a probe is not necessary and could be replaced by
of the derivative of the dielectric function with respect to the white light source and a spectrometerith adequate resolu-
parameters being modified. The derivative nature of thigion).
method provides maximum sensitivity to the optical transi- ~ The modulated transmittance and the luminescence spec-
tions permitting measurements to be made even if the intetra of a 0.5um aperature are shown in Fig. 2. Both spectra
esting features are superimposed on a broad backgroundhow the typical narrow lines arising from the quantum con-
Studies in ensembles of nanocrystals, however, have demofinement in three dimensions and while the two spectra share
strated the difficulties associated with the determination ofOme common features, there are also significant differences.
the homogeneous linewidth and dipole moment of the tranJhe modulated transmission spectrum shows a number of
sitions from the modulated spectrum due to a broad sjz&eatures not present in the PL spectrum. This is not surpris-

distribution’? As we show in this letter, these difficulties N9 given that the transmittance spectrum is able to probe
disappear when studying a single QD. states that are dominated by nonradiative decay processes, in

In this sample, the single QD PL and PLE lines show aaddition to luminescence states. An example of these nonra-

red shift and a change on oscillator strength in the presencdative states is the resonance located at frequencyhich

of a nonresonant optical pump field. Figuree)lshows the S @bsent in the PL spectrum.

PL spectrum for various intensities of a nonresonant field A hi_gh feSO'E‘“OU spectrum _for ther and ws I€s0-
tuned to 1617.5 meV, approximately 3 meV abowg. nances is shown in Figs(&@ and Fig. 3b), respectively. For

These changes do not depend significantly on the excitatioff'€ @nalysis of the data we must take into account the nature
of the electronic states being measured. For small perturba-

wavelength over the range of our lasé@0—-770 nm It y it has b h that a first derivative functional f

was determined by using a traveling wave grating techniquﬁ?ns’ It has g(ten? omn a Ia Irs fet::val_lve #nc 'onat form

in an unapertured sample that the relaxation time for thes 'S appropriate for the an% %/75'1% ot Ine AINeshapes in excl-
fonic or confined systents:>'"1® However, in our case,

changes is longer than 4 h&The physical origin of these .
changes, is still under investigation; however, a possible ex(_:hanges as small as t_ens eV in the resona_nt frgquency
planation would be the presence of a built-in electric ﬁeldrepresent a large portion of the resonance linewidth, there-

L . o fore these changes cannot be treated perturbatively. In the
apros§ the 42 A GaAs layer, which is being modified by th ow absorption limit(K<1, whereK is the absorbangethe
diffusion of optically created charges to the surféphoto-

voltaic effec}. This effect has been identified as the mecha—'ﬁnc’dmmed transmission is given by the difference between

nism for photo modulation of the photoreflectance in bulkabsorptlon with and without the pump beam
GaAs!* GaAs/ALGa,_,As multiple QWs!® and Ge'® The AT(E)
built-in electric field is produced by the accumulation of
charges at the surface due to pinning of the Fermi level. An
alternative explanation for these changes is the thermomoduvherel is the pump intensity. In the case of a single QD it
lation of the resonances; however, the absence of significant
line broadening, the small thickness of the sample, and the
negligible difference between data collectedsakK and im-
mersed in superfluid helium make this hypothesis unlikely.
Whatever the mechanism, the changes in resonance fre-
guency and oscillator strength affect all of the states and
provide a sensitive means by which to detect very weak ab-
sorption features not observable by ordinary spectroscopy.
The experimental configuration is shown in Figd)l
The sample is excited through a Qdn diameter aperture by
a nonresonant continuous-wayew) laser (=120 W/cnf)
tuned to 1617.5 meV. A weaker cw bearm=(50 W/cnrt)
transmitted through the sample probes the changes in the — Photoluminescence
absorption spectrum. The wavelength of the probe beam is
scanned in steps of approximately @BV to obtain the low
resolution modulated transmission spectrum. A frequency
stabilized continuously tunable cw dye lagénewidth <4
meV) is used to obtain the high resolution modulation spec-
trum of single QD states. The transmitted beam is measured
by a photomultiplier tube C.:OUpIed V\.”th a. |0Ck-_|h amplifier. FIG. 2. A comparison of a low frequency resolution modulated spectrum
We use a double modulation technique in which the PUMBind luminescence spectrum exciting through a b aperture(laser exci-
and the probe beams are modulated at frequencies of 1 armdion ~1633 meV.
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(a)y - 4¢ (b) these QDs(i._e_., the data was taken under 'Fhe same experi-
——AT/T ——AT/T mental conditions they have been affected in very different
ways.

In summary, we have reported the observation of ab-
sorption lines corresponding to excitons localized in single
QD potentials. This work takes earlier modulation spectros-
copy experiments performed in ensembles of QDs to the
single QD limit, allowing for a measurement of the line-
width, oscillator strength, and resonance energy of the tran-
0 . sitions. The measured linewidths are in good agreement with

‘ ' ‘ ‘ : \ both nonlinear resonant spectroscopy and luminescence mea-
_1I£2noe;88 ((l? -mG)O[u;%(]) 1%?@'%% (0? _wG)O[u;\ZI(]) surements. In addition, we have clearly demonstrated the

p R P ability to measure states which are dominated by nonradia-

FIG. 3. A high resolution m_odulated transmission spectra from a single QQyjye decay processes. We have established this technique as a
states located at frequenciag, (@ and ws (b) (see Fig. 2 resolves the  ,qa6)| 100 for the characterization of optical transitions in
extremely sharp lines arising from quantum confinement. The curve fits”; .
based on the functional form of E€1) reveal a FWHM of 42 and 5&ev,  Single QDs which can accelerate the search for better growth
respectively. procedures and materials with which to fabricate these struc-
tures. This technique opens up the possibility of studying a
new range of physical behavior such as the effects of stress
%’piezomodulatioh temperature (thermomodulation and
“electric fields(electromodulatiohin these systems.
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has been shown that the lines are homogeneousl
broadened, therefore the absorption coefficient can be ex

pressed as
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