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Size-dependent picosecond energy relaxation in PbSe quantum dots
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We measured the size dependence of the energy relaxation time of PbSe quantum dots at room
temperature. The radius of the dots was evaluated by small-angle x-ray scattering. We found a
monotonic decrease of the relaxation time from 25 to 1 ps with a decrease of therréios2.9

to 1.4 nm. The ¥ dependence of the relaxation rate was indicated.2090 American Institute of
Physics[S0003-695000)00230-9

Electronic and optical properties of semiconductor quanshows optical absorption spectra measured at room tempera-
tum dots have recently attracted much attention due to theture. In addition to the lowest absorption pedksl arrows),
interesting physical nature and potential utility for the spectra show the second and third pedkshed arrows
applications:? Mainly researches of Il-IV or 1ll-V semi- which indicate the narrow size distribution of these samples.
conductors have been carried out. Compared to these matBepending on the annealing conditions, the lowest peaks are
rials IV-VI semiconductors, such as PbSe or PbS, have kbcated between 0.84 and 1.47 eV.
larger exciton Bohr radiug46 nm for PbSe and 18 nm for In the study of the electronic-transition energy of PbSe
PbS. Thus, in PbSe or PbS quantum dots we can expect guantum dots, there was a discrepancy between the calcula-
large strong-confinement effect, which cannot be accessed iion and the experimefitThe calculation was performed by
other materials. There are reports on the fabrication of Pb&e envelope-function formalism using a butkp Hamil-
quantum dots with a narrow size distribution in polyniers tonian and assuming infinitely deep potential wéfl$n the
and silicate glassésLess work has been done for PbSe. It experiment, the radius was obtained by transmission electron
was recently reported that PbSe quantum dots in phosphateicroscopy(TEM).® The transition energy predicted by the
glasses having various average sizes and narrow size disttheory was larger than that obtained from the experiment,
butions were fabricate®® By using set of PbS and PbSe when radiusr <3.5 nm® Further theoretical studies as well
dots, extremely weak temperature dependence of the energg experimental studies in determining radius are expected.
gap was studied. Here, we conducted small-angle x-ray scatteri@AXS)

In addition to basic physical interest, PbSe and PbS dotmeasurements with synchrotron radiation in order to evaluate
are interesting for technology applications because their althe radius of PbSe dots. The x-ray scattered interigity
sorption peak position is tunable in the 1u81 range, de- was measured as a function of the modulus of the scattering
pending on their radius. Saturable absorbers for infrared lavectorq using a one-dimensional position sensitive detector.
sers by using PBS or PbSe dotd were demonstrated. The vector is expressed gs=4 sin 9/\, whereg is half the
Optical processing devices using possibly fast carrier lifescattering angle and is the wavelengtt{0.15 nm).
times of quantum dots are other applications. Nonlinear Figure 2 shows Guinier plots of SAXS intensity
spectroscopic studies of PbS dots, including decay-time medin[I(g)]} from PbSe dots in phosphate glasses plotted
surements, were reportéd? however, radius dependence of againstq?. Energies indicated in the figure show the first
the decay time has not been studied yet. There is no report on
decay-time measurements or nonlinear spectroscopy of PbSe 3
dots.

In this letter, we describe decay-time measurements on
PbSe quantum dots at room temperature and report radius ?
dependence of the decay time. In quantum-dot systems, de- Z2
cay time, especially at room temperature, is often determined
by nonradiative carrier relaxation. The decay time is sub- =
jected to “sample quality”, and it is not easy to control. &
However, we present here a clear dependence of the carrier E.l
lifetime against radius, that is, the smaller dots show shorter o
decay times. [

We fabricated PbSe quantum dots in phosphate glasses .
in the manner reported in Refs. 5 and 6. Average radius is 1.0 1.5 2.0 25
controlled by annealing temperature and duration. Figure 1 Photon Energy (eV)

FIG. 1. Absorption spectra of PbSe quantum dots in phosphate glass at
¥Electronic mail: okuno@sakura.cc.tsukuba.ac.jp room temperature.
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FIG. 2. Guinier plots of the small-angle x-ray scattering intensity of PbSe Time (pS)
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quantum dots in phosphate glass. The energy of the lowest absorption peak

of the measured sample and the obtained radius are indicated. FIG. 4. Temporal changes of differential transmission in PbSe dots at room
temperature. Pump photon energy was 3.1 eV and probe photon energy was
tuned to the lowest transition energy. The profiles can be fitted by two-

transition energies determined from the lowest absorptionexponential decayC, expt/m)+C,expt/z,)]. The obtained decay times

" . , and 7, are(a) 25 and 1000 psb) 14 and 400 ps(c) 11 and 400 ps(d)
peak positions of measured samples. From the Guinier plog and 1000 ps(e) 1 and 100 ps, and) 1 and 30 ps. Typical errors o, and

the average radiusof x-ray scatterers is obtained from the ;. \ere~20% and~50%, respectively.
relation |(q)<exp(—g*?%5), while we assume spherical
shape of the scatteref$We note that the Guinier plots of all
the curves in Fig. 2 show straight lines, which indicatethe glass matrix and the x-ray scatterers. When we assume
monodispersive size distribution. The radii obtained from thesome atoms, for example, Pb, surrounding PbSe ‘fots,
slopes are presented in the figure. SAXS data might show a larger radius than that of the PbSe
Squares in Fig. 3 shows the first transition energies plotdots. In this case, however, the agreement of the data in the
ted against radii obtained from SAXS. The error range of thdegionr>3.5 nm seems a little difficult to understand. Even
radius was estimated from the uncertainty in the backgrounéHrther research should be accumulated. We use SAXS ra-
subtraction using SAXS data of glasses not embedded witdius tentatively in this letter, considering the TEM data are
PbSe dots. In this figure, the results of the envelope-functiotfcking for the largest transition ener@y 1.2 eV). In Fig. 1,
calculation(dashed ling? and the data corresponding to ra- the radii interpolated from the SAXS data are indicated.
dii obtained from the TEM measuremeritsrcles® are in- We measured the energy relaxation times by using
cluded. Whenr>3.5 nm, the calculation, the data using PUmp-and-probe experiments on PbSe quantum dots. A re-
SAXS radius, and the data using TEM radius agree wellgenerative amplifier of a titanium sapphire laser was used.
However, they begin to deviate aslecreases below 3.5 nm. For the pump beam, we used the second harmd8idseV).
Both SAXS and TEM data show slightly smaller radii than An optical parametric amplifieithe idle) was used to obtain
the calculation. This is supposed to be the manifestation dihe probe beam, which was resonant with the lowest transi-
the finite depth of the electron and hole potential wells. Attion energy(full arrows in Fig. 3. The pump beam density at
the same time, the SAXS data show larger radii than thdhe sample surface was5 wJ/ent, and the duration was
TEM data. We do not know the reason now. The SAXS~0.2 ps. The number of created electron—hole pairs per dot

measurements reflect different electronic densities betweeffas estimated to be smaller than 1. No noticeable change
was found in relaxation profiles with different excitation

densities(0.5-5 uJ/cnf) or energy(1.55 e\j. The probe

S L3 —-—‘\ beam density was less than 1/10 of the pump. The time reso-
L -~ PbSe dots lution was~0.5 ps.

@10_ - A Figure 4 shows temporal changes of the differential
é ’ = transmission of PbSe dots at room temperature. The profiles
= - .- of Figs. 4a)—4(f) correspond to the samples shown in Figs.
§ 0.5 B SAXS TUTSme_ - e 1(a)-1(f), respectively. When the average radius ranges from
é e TEM - (@) 2.9 nm(the largestto (f) 1.4 nm(the smallest smaller

e — = =Calculation dots are found to show faster decays. The profiles can be
7 0.0 01553 LR well fitted by two-exponential decaysee the figure and the

= Radius (nm) caption, and stretched exponential decays fit the data poorly

FIG. 3. The lowest transition energies for PbSe quantum dots of varyin
radius determined from SAX&quares The dashed line shows the calcu-

The shorter lifetimer; decreases monotonically frofa) 25
%s to (f) 1 ps. The longer lifetimer, is in the range of

lated resultsRef. 12 and the circles show the data using radii determined 30—1000 ps, which do not show clear correlation with the

from TEM (Ref. 6.

dot radius.
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1.0 7 wanted. It might be possible that the clear correlation be-

- [ PbSe dots / tweenr; and the dot radius at room temperature are coming
'a 0.8+ / from the extremely strong confinement in PbSe dots as well

~ /RT as the high quality of the samples.
E 0.6f In conclusion, we performed SAXS measurements on
é 0.4} / PbSe quantum dots in phosphate glasses. The obtained radii
z / 18/r ranging from 1.4 to 3.5 nm correspond to those between the
$ 0.2} e theoretical prediction and the reported TEM values. The size
a _ ‘.FH dependence of the energy relaxation time of PbSe dots are
0-% . ' * * measured by a pump-and-probe technique at room tempera-
0 02 04 06 08 1.0 found i d t the rel T
Ur (nm™) ture. We found a monotonic decrease of the relaxation time

from 25 to 1 ps, as the radius decreased from 2.9 to 1.4 nm.

FIG. 5. Decay rate I of PbSe dots plotted againstr 1/The dashed line  The 1f3 dependence of the relaxation time is indicated.
shows the ¥f dependence.
The SAXS measurements were performed at the beam-

_ ) line 15A of the Photon Factory, KEK, Japan, under the ap-
When we excited these samples by an argon ion las€froval of the Photon Factory Program Advisory Committee
(2.4 eV), exciton-related luminescence was observed betproposal No. 98G071 The authors express sincere thanks
tween 12 K and room temperature. This fact indicates thg, professor V. Amemiya, Professor H. Okuda, and Dr. H.
high quality of these samples. The Stokes shift ranges fromxamikubo for their guidance with the SAXS measurements.
~100 to ~300 meV. The luminescence is thought to 0rigi- This work was supported by “Research for the Future” pro-
nate from the exciton localization at the surface or trapyram Grant No. JSPS-RFTF97P00106 from the Japan Soci-
states’® The luminescence intensity at room temperature Wagty for the Promotion of ScienddSP3. One of the authors

decreased to-1/10 of that at 12 K. This means the presence(a A L.) was indebted to the JSPS Invitation Fellowship Pro-
of the nonradiative process at room temperature. grams for Research in Japan.
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