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Exciton dephasing in self-assembled CdSe quantum dots
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We report experimental studies of exciton dephasing in self-assembled CdSe quantum dots using techniques
based on spectral hole burning. The hole-burning response reveals directly in the spectral domain the zero-
phonon-line(ZPL) as well as contributions from acoustic and LO-phonon assisted transitions. The observed
strong coupling to acoustic phonons is in good agreement with theoretical expectation. The measured deco-
herence rate associated with the ZPL is as small au8\h comparable to that in self-assembled InGaAs
guantum dots.
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Recent observations of Rabi oscillatibnand photon acoustic—phonon assisted transitions is in general agreement
antibunching in single quantum dot$QDs) have demon- with theoretical expectation. The ZPL linewidth obtained
strated their remarkable atom-like characteristics. Despitérom the SHB response depends sensitively on the measure-
these striking similarities, semiconductor QDs are fundamenment timescale, indicating the presence of spectral diffusion.
tally different from atomic systems as electrons in a QD carBeing able to suppress the effects of spectral diffusion in
couple to the vibrational modes of the crystal lattice. ConseSHB, we have obtained ZPL linewidths as small as a few
quently, electron—phonon interactions play a dominant role irueV, comparable to that in InGaAs QDs. The temperature
the decoherence of optical excitations in QDs. Experimentatlependence of the ZPL linewidth further suggests that
studies of decoherence and electron—phonon interactions &lectron—phonon interactions contribute to decoherence of
QDs have employed a variety of techniques, including phothe ZPL via spin relaxation and thermal activation of exci-
toluminescencgPL) of single QDs and nonlinear optical tons to higher lying states.
spectroscopy. Most PL studies of single self-assembled IlI-V The CdSe QDs used in this work were grown on top of a
and 1I-VI QDs have shown sharp zero-phonon litgBL) ZnSe buffer by molecular beam epitayReflection high-
with linewidths on the order of 50—10@eV, limited by energy electron diffractiofRHEED) was used to monitor
spectral resolution and/or by effects of spectral diffusion in-the CdSe deposition. At a film thickness of 2.5—3 ML mono-
duced by fluctuations in the local environm&htin contrast, layers the RHEED pattern showed a clear transition from
recent transient four-wave mixing studies in self-assembledtreaky to spotty, indicating the onset of island formation.
InGaAs QDs have shown an intrinsic ZPL linewidth as smallThe resulting CdSe QDs were capped with a ZnSe layer to
as a fewueV®. Theoretical studies of dipole decoherence inprevent island ripening. For transmission measurements, the
QDs have been carried out within the independent bososample was mounted on a sapphire disk and the GaAs sub-
model®—° While including phonon-assisted transitions as thestrate was removed with selective chemical etching. Low-
main source for pure dephasifigthis model does not ac- temperature measuremernis>4.2 K) were carried out us-
count for broadening of the ZPL due to electron—phononing a cold-finger cryostat. For measurements down to 1.8 K,
interactions. More recent studies have attempted to accouat helium-flow cryostat was used. Two frequency-stabilized
for broadening of the ZPL in extensions of the independentunable ring dye laserCR 699 and CR 899, Coherent, Inc.
boson modetl-12 were used to provide pump and probe beams in the SHB

In this paper we report experimental studies of excitonmeasurement. The spectral resolution is limited by the rela-
dephasing and effects of spectral diffusion in self-assembletive laser jitter and is less than 3 MHz-10 ueV). The
CdSe QDs using high resolution spectral hole burningchange in the probe transmission induced by the pump was
(SHB). Theoretical calculations of the linear absorption specimeasured using lock-in detection, with the pump intensity
trum of CdSe QDs are also presented. The SHB responsaodulated by an acousto-optic modulat@iOM).
reveals directly in the spectral domain the ZPL as well as the Figure 1 shows the SHB respongm®rmalized differential
characteristic features associated with acoustic—phonon arthnsmissiomT/T) at 10 K as a function of the pump—probe
LO-phonon assisted transitions. The contribution fromdetuning. The pump energy is set&y,m,=2.16 eV as indi-
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FIG. 2. Modulation frequency dependence of the ZPL linewidth
FIG. 1. SHB spectrum af=10 K(Q=10 kKHZ lpumi=2lprobe  at T=10 K(lpymg= 100 pop=4 W/cn). The inset shows high-
=2 W/cn?). The inset on the right shows the PL spectrum for resolution scans of the ZPL demonstrating a narrowing of the ZPL.
excitation in the wetting layer; the dotted line indicates the pump
energy used in the SHB. The inset on the left shows an expandego . giffusion, the linewidth of the SHB resonance de-
scan of the ZPL and acoustic phonon pedegtald MHz. pends on the time scale of the measurement. The effects of

cated by the dashed line in the PL spectrum shown in thépectral diffusion on the SHB response, however, can be
inset of Fig. 1(the PL spectrum shows a characteristic LO-greatly reduced if the measurement time scale is short com-
phonon progression as expected for excitation Wk, pared with the time scales involved in spectral diffusion.
=2.33 eV in the wetting layer, indicative of efficient capture For lock-in detection of the SHB response, the measurement
of the photoexcited carriers in the CdSe islgnd3imilar  time scale is set by the modulation period of the pump in-
SHB spectra have been obtained with the pump energy fixeténsity, which in our case can be as short as 100 ns. In con-
at various spectral positions in the lower part of the PL spectrast, integration times are on the order of seconds in typical
trum. Carrying out the SHB in the low energy part of the PL PL measurements. It should be noted that excitation levels as
spectrum ensures that contributions from higher excitedow as a few W/crm are used in the SHB measurement,
states to the SHB response are minimized. Disregarding thehich is two orders of magnitude smaller than in typical
overall slope of the SHB response, which results from diffi-single-dot PL measurements.
culties associated with normalization, i.e., measurements of Figure 2 shows the FWHM of the ZPL in the SHB re-
the weak sample absorptigal <0.5%), the SHB response sponse as a function of the modulation frequeficgbtained
shown in Fig. 1 reveals three features: a sharp resonance ait 10 K. The inset in Fig. 2 shows high-resolution spectra of
zero detuning, a broad asymmetric pedestal centered arouitile ZPL for 2=0.03, 0.3, and 3 MHz. The spectra clearly
zero detuning, and two sidebands with similar broadening. reveal a narrowing of the ZPL with increasing modulation
We infer from the sideband splitting-26 me\j that the  frequency, indicating the presence of spectral diffusion in
two sidebands arise from LO-phonon assisted optical transiself-assembled CdSe QDs. The ZPL linewidth remains
tions. The appearance of both Stokes and anti-Stokes sidgearly unchanged fd2 >3 MHz. The effects of spectral dif-
bands may seem surprising, since at 10 K thermal populatiofusion on the ZPL linewidth are thus suppressed at these high
of LO phonons is negligible. For the sideband at positivemodulation frequencies and low excitation levelgmy
detuning the pump is resonant with the zero phonon transi=4 W/cn?). The details of the microscopic origin of spectral
tion, while the probe is resonant with the transition assistedliffusion in self-assembled QDs are still poorly understood,
by the emission of a LO phonon. For the sideband at negawith carrier trapping or fluctuations in the strain field being
tive detuning the probe is resonant with the zero phonompossible mechanisms.
transition, while the pump is resonant with the transition as- We have further examined the temperature dependence of
sisted by emission of a LO phonon. Thus, both LO-phonorthe ZPL in a regime where spectral diffusion is suppressed.
sidebands observed in low-temperature SHB involve preFigure 3a) shows a sequence of high-resolution SHB spectra
dominantly the emission of LO phonons in the optical pro-at various temperatures obtained @t3 MHz and Iy,
cess. =4 W/cn?. Note that power broadening is negligible at this
The sharp SHB resonance at zero detuning corresponds &xcitation level, as shown in the intensity dependence in the
the ZPL and arises when pump and probe couple to QDs fanset of Fig. 3b). The temperature dependence of the
which the zero—phonon transition is resonant with the inci-dephasing ratey obtained from the linewidth of the SHB
dent fields. In they®-limit and for systems with only static response is shown in Fig(l9. Extrapolation of the experi-
inhomogeneous broadening, the full width at half-maximummental data yields a dephasing rate)gE3.5 ueV at zero
(FWHM) of the ZPL is twice the homogeneous linewidth of temperature, corresponding to a dephasing time of 200 ps.
the purely electronic transitiotFWHM =4y, wherevy is the Within the framework of the independent boson model
intrinsic dephasing rate for the ZRPLThis is no longer true, and a linear coupling mechanism, electron—phonon interac-
however, if the transition frequency is subject to fluctuationstions in a QD can lead to phonon-assisted transitions that
in the local environment. Then, in the presence of so-calledhvolve absorption or emission of phonons, yet without re-
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12 K(L,=1.1 nm with deformation potential coupling constants
FIG. 3. (a Temperature dependence of the ZPlQ D.=11 eV andD,=8.9 eV (Ref. 16
e . . 16.

=3 MHz andl pymp= 10 prope=4 W/cn?); (b) dephasing rate as ob-

tained from(a). The dotted line is a guide to the eye. The inset . . . .
shows the pump intensity dependence. calculation follows essentially the steps outlined in Ref. 12.

The absorption cross section is obtained from Kubo’s for-

sulting in a spectral broadening of the ZPLIn self- mula,

assembled CdSe QDs, electron-hole exchange interactions
lead to a fine structure of dipole-allowédright) and dipole- o(w) * f
forbidden (dark) states in the heavy-hole exciton manifold,
with the dark states lying energetically below the bright state. (1.1

An earlier magneto-optical study has shown a bright-dark - s
. o : -level system
exciton splitting ranging between 1.7 and 1.9 meV for seh‘-Wherewo 's the transition frequency of the two-level sy

assembled CdSe QD%Spin relaxation of the bright exciton | the af’sf(’t‘)ce of electron—phonon |nt.eract|chm($) 'S given
to the dark states via emission of acoustic phonons coulgy U(®=€"", whereK(t) has the form:
lead to decoherence of the ZPL, as suggested in an earlier 1 2 fhw
theoretical study? This process can provide a decoherence K1) == yzpit+ \_/E %{(COS gt — 1)coth 2_-|-q
mechanism for the ZPL even at zero temperature. A numeri- a7
cal fit of the observed temperature dependence shows that
acoustic—phonon emission alone cannot account for the ex-
perimental result. Thermal activation into higher lying states
via absorption of acoustic phonons also provides additionafPL broadening is added phenomenologically ang, is
decoherence channels. Given the limited temperature randgaken from the experiment. The sum runs over all longitudi-
over which the ZPL persisighe ZPL disappears near 30,K nal acoustic modes with wave vectogs and frequencies
we have not been able to extract reliably the relevant physi®wg; T denotes temperatur®] is the normalization volume.
cal parameters, including bright-dark exciton splitting andElectron—phonon interactions enter via the Huang—Rhys fac-
the thermal activation energy, from the temperature deperfors |Aq?/w? and depend sensitively on the bulk electron/
dence. Nevertheless, the strong temperature dependencehsfie deformation coupling constant and the form factor,
the ZPL linewidth indicates a significant contribution from which is determined by the dot size and shape.
electron-phonon interactions to decoherence of the ZPL. Figure 4 shows numerical results for the linear absorption
We now turn to the broad pedestal in the SHB responsespectrum of a single CdSe QD embedded in ZnSe. For ease
Similar to LO-phonon assisted transitions, pump and prob@®f calculation, a square shape confining potential is taken for
can couple to different transitions in the manifold of thein-plane motion (L,=L,=9 nm); confinement along the
zero—phonon and acoustic—phonon assisted transitions @growth direction is determined by the square well potential
SHB giving rise to acoustic—phonon sidebands. Integratioof the wetting layer (L,=1.1 nm. A polaron shift
over the continuum of acoustic—phonon sidebands results it-5 meV) is revealed, as well as an acoustic—phonon ped-
the broad pedestal observed in the SHB response. The simgstal whose asymmetric line shape indicates that optical tran-
lar linewidths of the LO-phonon sidebands and the acousticsitions assisted by emission rather than absorption of
phonon pedestal shown in Fig. 1 further indicate thatphonons dominate at low temperature. Comparison of the
acoustic-phonon assisted transitions also contribute to thepectral weight ratiop between the ZPL and the overall
mechanism giving rise to the LO-phonon sidebahds. acoustic—phonon pedestal shows good agreement with the
For a more detailed understanding of the acoustic-phonoexperiments. The numerical calculation also shows a rapid
assisted transitions, we have calculated the absorption spedecrease of the relative ZPL contribution with increasing
trum of a single QD based on a model in which a two-leveltemperature, with the ZPL disappearing near 3Qot
system is coupled to a continuum of acoustic—phonons vighowr), again in good agreement with the experiment. It
deformation potential coupling. While ZPL broadening is notshould be added that, while~0.01 is obtained for CdSe
included, the model is able to predict the relative spectrakelf-assembled QD& =10 K), additional calculations show
weight of the ZPL and the acoustic—-phonon pedestal. Thg;~ 1 for InGaAs self-assembled Q%= 10 K), confirming

’ dif RgU(t)]cod w — wg)t — Im[U(t) ]sin(w — wg)t],
0

—i(sin ogt - wqt)} , (1.2
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the much stronger electron—acoustic phonon coupling ithe ZPL. In spite of the stronger electron—phonon coupling,
CdSe QDs. the decoherence rate for the ZPL in CdSe QDs is comparable
In summary, high resolution SHB studies allow us to sup-to that in self-assembled InGaAs QDs. A comparison of the
press the effects of spectral diffusion, and thus to measurgtrinsic ZPL linewidth in 11I-V and 1--VI based QDs,
directly in the spectral domain the intrinsic ZPL width along which feature significantly different electron—phonon cou-
with the acoustic—phonon pedestals in CdSe QDs. Contribiyjing strengths, should provide the much needed information
tions to the SHB response from the acoustic—phonon assistggy developing a theoretical understanding on how electron—

transition show strong electron—phonon coupling in CdS&honon interactions contribute to intrinsic decoherence in
QDs, in agreement with theoretical expectation. The temppg.

perature dependence of the ZPL linewidth indicates that

electron—phonon interactions contribute significantly to spec- This work has been supported in part by the NSF by
tral broadening of the ZPL and suggest spin relaxation tdGrant Nos. 0201784H. W.), 0303969, and 030552®D. S.
dark states and thermal activation as likely mechanisms bZ.), ARO, and DARPA-SPINS/ONR. The work of S.V.G.
which electron—phonon coupling induces decoherence fohas been funded by US DOE.
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