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Wavelength modulation spectroscopy of single quantum dots
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We demonstrate that external cavity diode lasers with large mode-hop-free tuning (amge80

GHz) together with wavelength modulation spectroscopy can be used to study excitonic transitions
in semiconductor nanostructures. Such transitions are characterized by homogeneous linewidths
typically on the order of a few GHz. Wavelength modulation spectroscopy offers a high
signal-to-noise method for the determination of resonance line shapes. We have used this technique
to accurately measure dipole moments and dephasing rates of single semiconductor quantum dot
eigenstates. These measurements are important for the use of quantum dots in semiconductor
cavities and quantum logic gates, and for an improved understanding of the physics of exciton
confinement. ©2002 American Institute of Physic§DOI: 10.1063/1.1461071

Absorption spectroscopy based on the modulation of the  Traditional semiconductor modulation spectroscopy
wavelength of the exciting field is a common technique intechniques? such as piezomodulation, thermomodulation,
atomic and molecular optids? Early experiments using di- optomodulation, or electromodulation, all rely upon a shift in
ode lasers focused on fast modulation of the injection curthe resonant frequency arising from that property of the
rent, a technique typically referred to as frequency modulasemiconductor being modulated. However, a precise physical
tion spectroscopy because the modulation frequency wasodel of this shift often does not exist, so it must be treated
larger than the linewidth of the system under investigationas a fit parameter in the spectral line shape analysis. For
Such studies benefit from extremely lowf Idoise, but are energy shifts considerably smaller than the linewidth, fitting
difficult to implement on resonances broader than the moduprocedures cannot accurately distinguish the line shift from
lation frequency. the line strength. Thus, systematic errors associated with this

Wavelength modulation spectroscogyWMS) utilizes  technique can be large. WMS, on the other hand, relies upon
modulation frequencies smaller than the resonance linewidthmodulation of the laser frequency itself, allowing for an ac-
and has recently become simpler to implement due to theurate calibration of the depth of modulation and therefore
availability of external cavity diode lasetECDLS).>~' The  the transition strength.
large mode-hop-free tuning range available with current WMS data for this letter was obtained using a Littman—
ECDLs allows WMS to be used to study resonances whos#letcalf ECDL (Newport Model 201D whose output is ac-
linewidths are as large as tens of GHz, such as those dively power stabilized using a photodiode to provide feed-
interband transitions in high-quality semiconductor hetero-back to an AOM. The PZT that controls the fine position of
structures. Although the modulation frequencies for thisthe mirror angle(and therefore the wavelengtivas driven
technique are limited by the mechanical tuning speeds of theith a 50 Hz sinusoidal voltage at an amplitude that corre-
mirror angle in the external cavity, they are sufficient to al-sponded to 2.5 GHz. This oscillating voltage was added to a
low for the use of standard lock-in detection techniques. dc voltage that continuously stepped the wavelength over a

An understanding of the optical transition strength ofrange of more than 80 GHz. The beam was focused onto the
confined excitons in semiconductors is important both tasample and part of it was transmitted through an aperture at
clarify the physics of quantum mechanical confinement in althe sample surfacédiscussed belowand excited the QD
three dimensions, and to apply this knowledge to the develstates. The transmitted beam was then refocused onto an ava-
opment of nanoscale optoelectronic devices. Ongoing experianche photodiodeAPD) biased below breakdown. The
ments in quantum ddQD) microcavities in which the exci- change in transmission detected by the APD at the modula-
tonic transition is strongly coupled to a resonant optical fieldtion frequency was monitored using a phase-sensitive lock-in
of the cavity depend critically on the magnitude of the dipoleamplifier. The experiments were performedéak to mini-
moment of the confined excitd¥?. Also, proposals to imple- mize phonon interactions.
ment quantum computing in semiconductors using QDs as The QDs are formed naturally in a narro(8.2 nm
qubits in a logic gate rely omr pulses to carry out the gate GaAs layer deposited between 25 nmy Aba, -As barriers. 2
operations®*! The strength of the optical fields for these  min growth interruptions at the interfaces lead to the forma-
pulses is inversely proportional to the size of the QD dipoletion of large monolayer-high islands which give rise to a
moment. bimodal distribution of excitonic states, similar to that re-
ported in earlier studies of these structute¥ These two

aCurrent address: Naval Research Laboratory, Washington, DC 20375; ele€lasses O_f excitonic transitions are indicat_ed _in Fi@) by
tronic mail: stievater@nrl.navy.mil photoluminescencéPL) (upon optical excitation at-1.7
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states. The curve fits have two fit parameterg,and y. The change in
absorption(Aa) is the rms signal obtained at the modulation frequency

FIG. 1. Photoluminescena@®L) and direct optical absorption from heavy divided by the(off-resonancgtransmission

hole QD statega) in a sample without an apertured aluminum mask on the
surface, andb) probed through ar-0.5 um aperture on the sample surface.

Note the change in energy scale frga to (b). refraction of the semiconduct@8.66 for GaA$. A is given

by the size of the aperture, about 400 nm in diameter for the
eV) and direct optical transmission, both obtained from andata discussed below.
ensemble of excitonic states. The higlilexwer) energy in- Wavelength modulation may be representeddsiot) = 6
homogeneously broadened resonance corresponds to heayyD cos{t), where D is the depth of modulation{/27=
hole excitons in the 2223) ML thick GaAs region. These =2.5GHz) and() is the modulation frequency /2w
width fluctuations give rise to exciton localization within the =50 Hz). Aa(5) is the rms transmission signal observed at
plane normal to the growth direction in the 23 ML thick the modulation frequency divided by the off-resonance trans-
regions. The islands are often elongated in [th&0] direc-  mission (Ty) and is in-phase with the frequency modulation.
tion, leading to linear polarization selection rules for the ex-For small modulation P <1y), Aa(9) is simply a derivative
citonic transitions. The experiments described in this lettefine shape, but for large modulatio® ¢- y), it is expressed
were restricted to one of these linear polarization directionsfor a Lorentzian as®

Excitons in isolated QDs are probed throug®.5 um

apertures in an aluminum mask laid directly onto the sam- Aa(8)= ao[ SIgN(8) VX—y = (8ly)Vx+Y]
ple’s surface. Transmission and PL collected through a typi- (Dly)x

cal aperture are shown in Fig(k). The dips in transmission > >

represent absorption from single homogeneously broadened *= VY +4(dly)

QD states. The bottom curve is the PL c;ollected thrpugh the y=(Dly)2—(8ly)%+1, %)

aperture. States that appear in absorption but not in PL are

those that decay primarily through nonradiative processesvhere signg)={—1if §<0; 0 if 6=0; 1 if 6>0}.

The strength of the direct absorption signal depends only on  Equation(2) is fit to the WMS data shown in Figs(&

parameters specific to the state in resondineg, the dipole and 2b), representing two different QD states obtained from

moment and the dephasing ratenlike the strength of PL an aperture similar to the one discussed in Fig).IThe two

signal which depends on spectfahd often spatialcoupling  free parametersyy and vy, are used to fingk using Eq.(1).

rates between states. Spectra similar to that of Fig. dre  The state in Fig. @) is found to haveay=0.038"33%%, u

used to coarsely position the wavelength of the ECDL at a=57f‘f0 Debye, andy/7=6.1+0.4 GHz. The state in Fig.

QD resonance for the data shown below. 2(b) is found to haver,=0.034" 3%, 1 =58"%, Debye, and
Optical absorption from a localized exciton is related toy/7=7.2+0.3 GHz. Usingf=2mywu?/(e’%) (where m,

the measured transmissionl, by T=Ty— T e Toll is the free electron magsthe oscillator strengths are found

— a(8)], whereT, is the off-resonance transmissioiy,sis  to be (@) f=58"22 and (b) f=60"12. The notationX*§

the absorbed power(d) is the absorption line shape, and denotes lowefdl) and upperdu) error bars orX. Data from

6=w— wq is the laser detuning from the exciton resonanceother stategnot shown find dipole moments typically to be

For a homogeneously broadened transition in a single twoin the range 50-100 D and the FWHM linewidths to be in

level system; the range 6—12 GHz. The signal-to-noise ratio for these data

is about 20, though this can be improved by averaging over

) multiple data sets. A signal-to-noise ratio of one therefore

«(9)= 1+(68ly)?’ @ corresponds to a minimum measurable valuguadf about
12 D using this method.
where ag=wu?/(Ankceyy), n is the optical dipole mo- For the sample employed in these studies, the refractive

ment, A is the area of the optical field that excites the QD,index mismatch between the semiconductor and vacuum
vl is the (FWHM) linewidth (in Hz), andn is the index of  contributes a standing-wave componéint addition to the
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traveling wave componento the electric field experienced pulses for the gate operatitfit! benefit from the weak field

by the quantum dot. Matching the boundary conditionsstrengths that result from a large dipole moment. The recent
throughout the entire sample, the actual absorption by thdemonstration of Rabi oscillations of excitons in single in-
QD is found to be no more tharr30% smaller than that terface fluctuation QDs is an important step towards the re-
inferred by the measured change in transmission. Diffractioralization of a solid state quantum logic gate, and confirms the
by the subwavelength aperture, which has not been considarge transition moments associated with these systéms.
ered, would make this effedand the percent errpreven

smaller. A knowledge of the area illuminated by the optical : i
field at the QD(A) is necessary for a determination of the Naval Research, the National Security Ageri®§SA) and

dipole moment from Eq(1). The aperture diameters are de- Advanced Research and Development ActiigRDA) un-

termined postprocessing to about 20% accuracy using optic4€" Army Research OfficéARO) Contract No. DAAGSS-
transmission calibrated to knowf-um sized apertures. 98-1-0373, the Air Force Office of Scientific Research under

These two factors are the dominant source of uncertainty ifp'ant No. F49620-99-1-0045, and DARPA/SPINS. The au-

the reported dipole moments, and determine the error baf§ors would like to acknowledge helpful discussions with
given above. Paul Berman.
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