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Raman-scattering study of exciton-phonon coupling in PbS nanocrystals

Todd D. Krauss and Frank W. Wise
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The exciton-phonon coupling strength of PbS nanocrystals that strongly confine both charge carriers is
investigated using resonant Raman scattering. The strength of this co(iplingg-Rhys paramet&~0.7) is
four orders of magnitude greater than that predicted theoretically for the intrinsic states of the nanocrystal, but
is the same order of magnitude as that measured f@8,S@ nanocrystals. The large exciton-phonon coupling
is consistent with one charge carrier being localized at the surface of the nanocrystal.
[S0163-18297)11216-4

I. INTRODUCTION coupling strength with nanocrystal radifisthe measured
values of the exciton-phonon coupling strength are one to

Semiconductor nanocrystals, also know as quantum dot$wo orders of magnitude greater than values calculated using
have been studied quite extensively recently due to their inthe intrinsic exciton wave functiors® These measurements
teresting physical properties and potential usefulness for apnore closely agree with calculations that include an addi-
plications. The electron and hole radii are eaeti0 nm in  tional charge’ or use a donorlike exciton model appropriate
PbS, and the Bohr radiug§) of the exciton is~20 nm, so  for nanocrystals made with 11-VI materialsMeasurements
PbS nanocrystals offer unique opportunities for achievingdf the exciton-phonon coupling strength as a function of nano-
strong quantum confinement of both charge carriers indierystal size have produced widely varying results.
vidually as well as the exciton. Quantum dots in the strongDecreasing, increasind® and constant exciton-phonon
confinement regime are expected to have greatly enhancemwupling have all been found as the nanocrystal size is re-
linear and nonlinear optical properties relative to the bulkduced.
materials. The sparse electronic spectra and easy access toHere we report an investigation of the electron-phonon
the strong confinement regime make nanocrystals of the leagbupling strength in PbS nanocrystals. Using resonant Ra-
salts excellent candidate materials for device applicationspan spectroscopy, we determined the Huang-Rhys param-
such as optical switching. However, any benefits of strongeter of PbS nanocrystals 1.5 nm in radit® §z<0.1) to be
guantum confinement are offset by significant broadening o6~0.7. Using a displaced harmonic oscillators model, we
the electronic transitions. Since the dominant source of hoaccurately fit the resonance Raman excitation profile and ac-
mogeneous line broadening is expected to be coupling afount for the observed variation in the ratio of overtone to
electronic charge to the vibrational modes of thefundamental scattering with excitation wavelength. The mea-
nanocrystal, knowledge of the exciton-phonon interaction is sured coupling is four orders of magnitude larger than the
critically important. Thus, in addition to its fundamental in- value our calculation predicts, but is similar to values mea-
terest, the issue of exciton-phonon coupling has a bearing osured for other semiconductor nanocrystals.
the future utility of semiconductor nanocrystals. By themselves, the electronic and vibrational properties of

Previous experimental studies of exciton-phonon couplind®bS nanocrystals possess interesting characteristics. Since
in semiconductor nanocrystals generally show little agreethese are not well known, they will be summarized briefly.
ment with theory or each other, except for the order of magThe conduction and valence bands of bulk PbS are nonde-
nitude of the coupling. Schmitt-Rink, Chemla, and Miller generate, and have nearly equal effective masses, so the bulk
argued that based on charge neutrality the polar coupling aflectron and hole wave functions are nearly identical. Using
the exciton to phonons via the Hiich interaction should an effective mass model that neglects interband coupling, the
vanish as the radius of the nanocrystal decrehstIsvever, wave functions are identical in the quantum dot. Using a
they also predict that nonpolar coupling to short-wavelengtifour-band envelope-function formalism, the correct elec-
phonons will increase. More recent calculations, which actronic structure of PbS nanocrystals was recently
count for valence-band degeneracy and conduction-bandetermined® The wave functions and energies were deter-
nonparabolicity in II-IV materials, predict an exciton-phonon mined by starting with an accurate model of the band struc-
coupling strength one to two orders of magnitude smalleture of the bulk material that accounts for interband coupling
than that for bulk materials® While the calculations gener- and the symmetry of the band-edge Bloch functions. The
ally agree that the exciton-phonon coupling strength is reparameters of the model are all obtained from experiments
duced in the nanocrystal relative to the bulk, they disagre®n the bulk material, and the specific values are summarized
regarding the trend in coupling strength with nanocrystalin Ref. 10. Inclusion of the interband coupling results in
size. Some calculatioAg® predict an increase in exciton- electron and hole wave functions that are similar but not
phonon coupling strength as the nanocrystal radius is madeenticall® The vibrational modes of PbS nanocrystals were
smaller, while other calculations predict no change in thealso recently determined using resonant-Raman and far-
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. FIG. 2. Room-temperature absorption spectrum of PbS nano-
FIG. 1. Calculated size dependence of the Huang-Rhys para”Erystals of radius 1.5 nm.

eterS for PbS and CdSe nanocrystals vs radius. The curve for CdSe
was reproduced from Ref. 2. The coupling strength of CdSe has ebtained if a rigid boundary condition is usédrigure 1
minimum at a radius of-7 nm. shows a calculation of the Huang-Rhys param&tésr PbS
guantum dots as a function of nanocrystal radius using the
infrared absorption spectroscopfésThe optically active vi-  exciton wave functions calculated in Ref. 10 and the O
brational modes of PbS nanocrystals generally have mixeghdial vibrational modes from Ref. 11. The nearly identical
longitudinal and transverse character. However, in resonarflectron and hole masses in the bulk are responsible for the
Raman Scattering via the Frlich interaction, the observable small value of the Coup"ng at very |arge radius. As the ra-

modes have phonon angular momentiyw 0 for excitation  dius decreases, coupling between the conduction and valence
resonant with the lowest exciton state. These modes afgand leads to an increase in exciton-phonon coupling
purely radial (i.e., longitudinal and have eigenfunctions strength. At still smaller values of the radius, the confine-
similar to I,=0 longitudinal optic(LO) vibrational modes ment of the exciton is so strong that the exciton-phonon cou-
previously obtained using dielectric theorfesA more de-  pling decreases due to local charge neutrality. Small varia-
tailed discussion of the electronic and vibrational propertiegions in the parameters used to model the band structure do
of PbS nanocrystals can be found in Ref. 10 and Ref. 110t affect the conclusions regarding the size of the coupling,
respectively. _ _ . and the trend versus nanocrystal radius. In particular, varia-
The electron-phonon coupling strength, via thetffidh  tion of the electron or hole mass ratio by10% changes the
interaction, is proportional to the net charge density in theesylt by less than 810~ *. For comparison, a similar cal-
nanocrystal. For PbS nanocrystals, the nearly identical eleGulation (reproduced from Ref.)Xor nanocrystals of a typi-
tron and hole wave functions lead to overall charge neutralgg| |1-vI material, CdSe, is also shown. The calculated
ity. Thus the Huang-Rhys parametr a measure of the exciton-phonon coupling in PbS quantum dots is over 2 or-
exciton-phonon coupling strength, is expected to be veryers of magnitude smaller than the value for CdSe quantum

small. S is given by*>*? dots at all radii. It is also interesting to note that the trend
with nanocrystal radius is very different. In CdSe the cou-

522 1 IVyn(K)|2 (1) pling reache_s a miniml_Jm at a radius of7 nm, and th_en

(hwp)® "M increases with decreasing size due valence-band mxing.

where for phonon modes with =0, Il. EXPERIMENTS AND RESULTS

The exciton-phonon coupling in PbS semiconductor
nanocrystals stabilized by pdisinyl alcoho) (PVA) was
studied with resonance Raman spectroscopy. We synthesized

Vodk)=Toglk) | eflelnI?

~1¢n(N[*Tio(kr) Yool 6,4)dr, 2) PbS nanocrystals in an aqueous solution of PVA following

and the procedure in Ref. 13 and subsequently dried the colloid
into thin films* The nanocrystal size was determined from

, 2mhep (1 1) 2 1 images taken with a scanning transmission electron micro-

foolk)“= k2 £, 8_0 R3 Ji(TR) scope(STEM), and by comparing the measured absorption

spectra, shown in Fig. 2 with a calculated spectfdrithe
In the above equations... is the high-frequency dielectric average radius is 1.5 nm, with a distribution in sizetef%.
constantgy is the static dielectric constarR, is the radius of ~ All three peaks in the absorption spectrum are in agreement
the nanocrystalw, is the frequency of the phonon mode with the wavelengths of the three lowest exciton transitions
with I ,=0, ¢, and ¢, are the wave functions of the electron calculated for particles of 1.5 nm radius. A systematic com-
and hole, respectively, and the sum is over all phonon wavearison of the effect of nanocrystal size on electron-phonon
vectorsk. Although the above expression Blis appropriate  coupling for PbS would be interesting. However, the fabri-
for a free-standing boundary condition, the same results areation of monodisperse PbS quantum dots with well-
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FIG. 3. Resonant Raman spectrum of 1.5-nm PbS nanocrystals FIG. 4. Resonance Raman excitation profiles for 1.5-nm PbS
recorded at 4.2 K with excitation at 584 nm. Similar spectra wereh@nocrystals at 4.2 K. The circles correspond to the fundamental
obtained for other excitation wavelengths resonant with the lowesyibrational mode at 215 cit while the squares correspond to the

exciton state. The slight slope of the baseline is due to a luminegirst overtone. The solid lines are fits to the data using an offset
cence background. harmonic oscillator model discussed in the text. The linewidth of

the inhomogeneous distribution used in the fit was 500tm

controlled but variable particle size in a polymer host has noprofile. This ratio decreases from 0.75 at 580 nm to 0.2 at

been reported. 610 nm and is<0.05 (below the sensitivity of the experi-
We recorded resonance Raman spectra in backscatterimgeny at 618 nm. The solid lines are fits to the data using an

geometry with a Dilor modeky spectrometer, using a tun- offset harmonic oscillator model discussed below.

able dye lasefRhodamine 590and a HeNe laser for exci-

tation. Spectra were recorded at 4.2, 77, and 300 K, with a IIl. DISCUSSION

resolution of 2.5 cm?, for various wavelengths across the

lowest-energy exciton resonance. The range of excitation The coupling of the vibrational modes of a solid to the

wavelengths was limited by the tunability of the dye laser.€lectronic states can be modeled as a displacement of the

Each Raman spectrum was corrected for the spectral ré@Xcited-state potential energy surface from the ground state

sponse of the spectrometer and also for effects of absorptiodong a single, harmonic normal-mode coordinaté. As-

in the samplé? A typical spectrum is shown in Fig. 3. All of suming a parabolic energy surface with the same curvature

the spectra have a large peak-a15 cn'!, with a repro-  for both the excited and ground states, the displacement in

ducible shoulder at 190 cm. Spectra recorded with excita- the position dimension can be expressetl as

tion wavelengths between 573 and 610 nm show a broad

overtone peak at-415 cnil. The intensity of this peak is Qo=2Vh/2uwy A, ©)

strongly dependent on the excitation wavelength. For eXCitawhere,u is the reduced mass for an ionic pair. Using the

tion wavelengths between 573 and 595 nm arlother broagbove equationA? and the Huang-Rhys parametSrare

peak is observed at the second overtor&30 cm X. The equivalent.

mtense,fTarrow peak at 68 cm * and the small peak at "1he Raman cross section for ath order phonon process

~45 cm - are acoustic modes. We attribute the smaII'pealin a single nanocrystal §¢2

at ~270cm ! to two-phonon processes. The exciton-

phonon coupling via th_e Fhiich interaction concerns vibra- , > (n+jlmy(mlj)

tional modes, and their overtones, that involve the electro- o (Eq,0)=ust>, | >, STV —

static potential. Thus we will focus on thg=0 mode at <6 [0 Eg+(m—j)hwy—fiw+ihl)|

215 cmi ! and its overtonedt The other peaks in the Raman w @~ ihwp/kgT (4)

spectrum correspond to modes that either do not involve the '

electrostatic potential, or do not have overtones, and so wilivhere w is the electronic transition dipole momerity is

not be discussed further here. The Raman spectrum of PVhe incident photon energ¥, is the energy of the lowest

was recorded to ensure that none of the observed features éfectronic transitionm denotes the intermediate vibrational

the Raman data are from the host material. state,T is the temperature, and is the homogeneous line-
From previous measurements,we expect the resonance width. The overlap integral between the ground and excited

Raman excitation profile to follow the inhomogeneous dis-states is equal 0

tribution of the lowest exciton transition wavelengths. The

[’

‘ 2

Raman excitation profiles of the fundamental and first over- 2 B m (—A?)
tone of thel ;=0 phonon mode at 215 cm are shown in (njm)=e~4"2ynim! A" mzo (M= n—m+)Ij!
Fig. 4. The values are normalized to the peak of the funda- . (5)

mental excitation profile at 580 nm. The ratio of fundamental
to overtone intensity varies substantially across the excitatiowhenn=m, and
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Overtone/Fundamental
1.0

FIG. 5. Calculated ratio of the
overtone to fundamental Raman
intensity vs the Huang-Rhys pa-
rameterS and the homogeneous
linewidth of the first exciton tran-
sition I'. The intensity ratio has
been integrated over the nanocrys-
tal size distribution. Note the ori-
gins of the three axes do not coin-
cide.

(m|ny=(—1)"*"(n|m). exciton transition, the above calculation predicts that the

) . i ) . overtone to fundamental ratio is greatest at the peak of the

The exciton transitions in a quantum dot are in general inhOR,man excitation profile, and decreases away from the peak,
mogeneously broadened due to a distribution of particlg, 5qreement with the trend we observe. A large variation in
sizes, and the particle-size distribution must be accounted fQt,, hjing strength across the lowest exciton transition could

in the calculation of the total Raman cross section. The tota} s explain the observed data. Since the particle size varies
Raman cross section is then by only a few percent across the lowest exciton transition,

this is unlikely. We fit the Raman excitation profile, and
gn(w)zf on(Eq,0)p(Eq)dEy, (6)  therefore also the ratio of overtone to fundamental intensity
Bg across the excitation profile, using the inhomogeneous line-

wherep(E,) is the distribution of nanocrystals. For calcula- width and the exciton-phonon coupling strength as param-
tional purposes, we assumed a Gaussian distribution fdft€rs- We find that good fits are obtained with an inhomoge-
p(Eg), which is a good fit to the lowest exciton transition in N€OUS linewidth of 400-700 cnt, and the same value of

the absorption spectrum. S for all excitation wavelengths. The calculated ratios of

The above analysis shows that the ratio of the fundamerRvertone to fundamental intensity across the excitation pro-
tal (n=1) to overtone §=2) Raman intensities depends not file agree very well with the measured values, as shown in

only onS (=A2), but also on the homogeneous linewidth of Fig. 6. Attemst to fit the excitation profile using the inho-
the lowest electronic stafé With knowledge of the value of M0geneous lW'dth obtained from the absorption spectrum
the dephasing rate, the value $fcan be inferred from the (1500 cm -) produce a profile much wider than the mea-
resonance Raman spectrum. Figure 5 shows the calculatSyred one. Some uncertainty does exist in the values for the
ratio of the Raman intensity of the first overtone to the fun-
damental, integrated over the nanocrystal size distribution, as 7T T "
a function ofI" and S for an excitation wavelength of 580 )
nm. Currently, we do not have an independent measuremery 0.8
of the electronic dephasing tinie,=1/I". However, values  § I
of I' larger than 200 cm® will not accurately model the E
Raman data. Also, since the Raman intensity ratio is only ag 1
weak function ofl" (see Fig. $ any resulting error in the & .,
inferred value ofS is small. 5
The ratio of overtone to fundamental intensities decreases®
as the excitation wavelength is moved away from the peak of
the lowest exciton transition, as shown in Fig. 6. Thus there

0.6 [

rtone/Fun

02 |

) o . . P ST e
is an apparent amblguny_regardmg which yalue s_hould be %0 590 00 610 20
used to determine the exciton-phonon coupling. Shigtrey.

also observed a large variation in this ratio across the Raman Excitation Wavelength (nm)

excitation profile of CdS nanocrystdlsThese workers sug-

gest that the correct value of the ratio of overtone to funda- F|G. 6. Ratio of overtone to fundamental Raman intensity for
mental intensities is obtained by either integrating over thehe mode at 215 cit. The circles are the experimental data and
Raman excitation profiles of the fundamental and overtonete solid line is a fit using the offset harmonic oscillators model.

or alternately using only the spectrum collected at the peakhe linewidth of the inhomogeneous distribution used in the fit was
of the excitation profilé.For an inhomogeneously broadened 500 cn 2.
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inhomogeneous linewidths. The excitation wavelengths onlyal, similar to CdS,Sé nanocrystals. Evidence exists from
cover about half of the Raman excitation profile, and there igransient nonlinear absorption measurements on PbS quan-
some ambiguity as to the exact width of the lowest absorptum dots of the type studied here that the intrinsic electronic
tion peak(see Fig. 2 However, these uncertainties cannotstate decays into an intermediate state after a few
account for the factor of 2 discrepancy between the inhomopicoseconds? It is possible that the strong exciton-phonon
geneous widths inferred from the Raman excitation profilecoupling in PbS nanocrystals is due to an intermediate elec-
and the absorption spectrum. Thus we conclude that thgoniC state with one Charge carrier trapped at the surface of
offset-harmonic-oscillator model accounts qualitatively, butthe nanocrystal, and not the intrinsic electronic states.

not quantitatively, for the observed Raman excitation spec- Resonance Raman scattering is a time-integrated tech-
tra. The lack of good quantitative agreement between th@ique and therefore it is not sensitive to the dynamics of the
measured and calculated excitation profiles does not affe@xciton-phonon coupling. Evidence exists from transient dif-

the inferred value of exciton_phonon Coupling, since goodferential absorption on CdSe nanOCI’yStals that the intrinsic
fits to all of the data are obtained with a single valueSof ~ €lectronic states alone, with no contributions from surface

By f|tt|ng the resonance Raman excitation prof”e’ andstates, are the initial excited states of the nanocrﬁ%@ther

thus also the overtone to fundamental Raman intensity rati§vidence exists from Stark effect experimétand from
across the excitation profile, we determine the value of thdéémtosecond photon-echo _expenme’r_ﬂ‘tsalso on CdSe
Huang-Rhys paramet&to be 0.7 fol' =50 cnmi L at 4.2 K. hanocrystals, that the intrinsic electronic states have the hole

As mentioned above, the dependence of the valu® @fi I partially trapped on the surface, which leads to a net dipole
is weak. The best fit of 50 cit for T is reasonable since Moment. While our Raman measurements indicate a large

values between 20 and 150 cinhave typically been ob- charge inhomogeneity in the PbS nanocrystgl, these e>§peri—
served for other semiconductor nanocrystalsvithin ex- ments cannpt determlne whether this stat(_e exists immediately
perimental errorS does not vary as a function of tempera- after excitation or arises later after decay into a trapped state.
ture. The theoretical value of the Huang-Rhys parameter for

a PbS nanocrystal with a 1.5-nm radius isX08 4, 4 or-

ders of magnitude smaller than the value obtained by experi- IV. CONCLUSION

ment.

The strength of the exciton-phonon coupling reported for We have examined the electron-phonon coupling strength
Cd(S,Se nanocrystals is the same order of magnitude as thah PbS nanocrystals. By analyzing resonant Raman scattering
obtained for PbS nanocrystals, and is one order of magnitudef PbS nanocrystals as a function of excitation wavelength,
greater than predicted by thednBimilar values of the cou- we find that the Huang-Rhys parameger 0.7. This is four
pling strength for C(5,Se nanocrystals have been measuredorders of magnitude larger than the value we calculate from
with a variety of experimental techniques including resonanthe intrinsic electronic and vibrational wave functions, but is
Raman spectroscopy? fluorescence line narrowitgand  consistent with that measured for other semiconductor
femtosecond photon ech®.Nanocrystals made with 1I-VI nanocrystals. Similar to results for (3/Se nanocrystals, a
materials have large coupling among the valence bands, argédlculation of the coupling strength that assumes that one
a weakly confined hole. Therefore, the intrinsic hole wavecharge carrier is localized produces a value ##0.6,
function is already somewhat localized, which creates an nethich is close to the measured result. The results of our
charge imbalance in the nanocrystal.(6¢¢ nanocrystals experiments support the proposition first made fof;8e
are predicted to have exciton-phonon coupling two orders ohanocrystals that the large exciton-phonon coupling is con-
magnitude larger than that of PbS nanocrystglg. 1). sistent with one charge carrier being localized at the surface.

Calculations of exciton-phonon coupling for (&jSe The magnitude of exciton-phonon coupling and its depen-
nanocrystals that either contain an additional charge at thdence on nanocrystal radius are important issues in nano-
center>® or use a donorlike exciton modéincrease the re- crystal physics. Yet, it is clear that more work needs to be
sulting value ofS by an order of magnitude, producing a done in order to achieve a clear understanding of this phe-
result close to the experimentally determined value. This imnhomenon. We have just begun femtosecond photon-echo ex-
plies that the resonance Raman experiment samples elegeriments on PbS nanocrystals. These experiments are de-
tronic states that are vastly different from the intrinsic statesigned to measure the strength of the electron-phonon
of the nanocrystal. In addition, resonance Ram&fiyores-  coupling before the initial exciton state decays, and also to
cence line narrowing,Stark effectt® and luminescené®?®  measure the electronic dephasing. There are some advan-
experiments for C(5,S¢ nanocrystals all indicate the exis- tages to using nanocrystals of the lead salts rather than pre-
tence of localized surface states. Thus an explanation for thd@ously studied C{Se,S materials to study exciton-phonon
observed coupling being one order of magnitude larger thanoupling. First, the intrinsic electron and hole wave functions
the calculated coupling is that electronic states localized aare both delocalized and nearly identical. Thus, the coupling
the nanocrystal surface create a charge inhomogeneitpf vibrations to the intrinsic electronic states differs from that
which strongly couples to the vibrational modes. to electronic states involving a charge carrier trapped at the

Refinements of the calculation of the exciton-phonon cousurface by four orders of magnitude. For(SdSe the intrin-
pling for PbS nanocrystalsuch as the use of finite potential sic hole wave function is already somewhat localized due to
barriers or accounting for Coulomb interactip® not sub- its large effective mass, which creates a net charge imbalance
stantially change the result that the coupling will be weak. Ain the nanocrystal. Thus a measurement of the coupling for
calculated value ofs as high as 0.7 can only be obtained PbS nanocrystals before the initial state decays should
when one charge carrier is highly localized in the nanocryselearly indicate the nature of the electronic states immedi



55 RAMAN-SCATTERING STUDY OF EXCITON-PHON® . . . 9865

ately after excitation. Second, the experimentally determined ACKNOWLEDGMENTS

values of the coupling for G&,Se could be affected by the

many electronic staté&in the vicinity of the lowest-energy The authors thank Inuk Kang and Yung Chun Lee
peak in the absorption spectrum. However, the lowest-energipr assistance with calculations, and Mick Thomas and
peak in the absorption spectrum of PbS nanocrystals is dugohn Silcox for high-resolution TEM measurements.
to a single electronic statd,making measurements of the T.D.K. acknowledges the support of the Optical Society of
exciton-phonon coupling more straightforward. America.

1s. schmitt-Rink, D. A. B. Miller, and D. S. Chemla, Phys. Rev. B 1¥M. T. Nenadovic, M. I. Comor, V. Vasic, and O. I. Micic, J. Phys.

35, 8113(1987. Chem.94, 6930(1990.
2S. Nomura and T. Kobayashi, Phys. Rev4B 1305(1992. 143, L. Machol, F. W. Wise, R. C. Patel, and D. B. Tanner, Phys.
3Al. L. Efros, in Phonons in Semiconductor Nanostructaeslited Rev. B48, 2819(1993.

by J. P. Leburton, J. Pascual, and C. S. Tofi€siwer Aca- 15R. Loudon, J. Phys(Pari$ 26, 677 (1965.

demic Publishers, Dordrecht, Netherlands, 1993 1M, L. Williams and J. Smit, Solid State Commu#).2009(1970).

#J. C. Marini, B. Stebe, and E. Kartheuser, Solid State Communi7}; jg interesting to note thal, can vary by several orders of
87, 435(1993; J. C. Marini, B. Stebe, and E. Kartheuser, Phys.
Rev. B50, 14 302(1994.

5M. C. Klein, F. Hache, D. Ricard, and C. Flytzanis, Phys. Rev. B
42, 11 123(1990.

63.J. Shiang, S. H. Risbud, and A. P. Alivisatos, J. Chem. Phys.
98, 8432(1993.

"A. P. Alivisatos, T. D. Harris, P. J. Carroll, M. L. Steigerwald,
and L. E. Brus, J. Chem. Phy30, 3463(1989.

8G. Scamarcio, V. Spagnolo, G. Ventruti, M. Lugaemd G. C.

magnitude across an inhomogeneously broadened line when ex-
citons can dephase by scattering from each other. This is the
case for excitons in two-dimensional structures, for example.
However, there is no scattering among excitons in different
guantum dots.
18D, M. Mittleman, R. W. Schoenlein, J. J. Shiang, V. L. Colvin, A.

P. Alivisatos, and C. V. Shank, Phys. Rev4B 14 435(1994).
By, L. Colvin, K. L. Cunningham, and A. P. Alivisatos, J. Chem.

Righini, Phys. Rev. B53, R10 489(1996. " Phys.101, 7122(1994. _
9M. Nirmal, C. B. Murray, and M. G. Bawendi, Phys. Rev.5B, F. Hache, M. C.( Kleljr;, D. Ricard, and C. Flytzanis, J. Opt. Soc.
2293(19949). Am. B 8, 1802(1991).
10|, Kang and F. W. Wise, J. Opt. Soc. Am. ® be published 2IM. G. Bawendi, P. J. Carroll, W. L. Wilson, and L. E. Brus, J.
117, D. Krauss, F. W. Wise, and D. B. Tanner, Phys. Rev. L%8t. Chem. Phys96, 946 (1992.

1376 (1996. The radius of the PbS nanocrystals in this work 2?D. J. Norris and M. G. Bawendi, J. Chem. Phy03 5260

was reported as 2 nm, but more recent measurements show that (1995.

it is 1.5 nm. This does not change the conclusions of the papef>A. I. Ekimov, F. Hache, M. C. Schanne-Klein, D. Ricard, C.
2R, Merlin, G. Gintherodt, R. Humphreys, M. Cardona, R. Surya-  Flytzanis, I. A. Kudryavtsev, T. V. Yazeva, A. V. Rodina, and

narayanan, and F. Holtzberg, Phys. RevlB 4951(1978. Al. L. Efros, J. Opt. Soc. Am. B0, 100(1993.



