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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 the radiusr from 2.9
to 1.4 nm. The 1/r 3 dependence of the relaxation rate was indicated. ©2000 American Institute of
Physics.@S0003-6951~00!00230-8#
an
he
or

a
e
r
ct
d
b

rs
I

ha
is
e
e

o
a

l
.
ife
ea
e

of
rt
b

o
d
, d
ne
ub
l.
rr
rt

ss
s
e

era-

les.
are

Se
ula-

y

tron
e
nt,
ll
ted.

ate

ring
tor.

y
ted
st

s at
Electronic and optical properties of semiconductor qu
tum dots have recently attracted much attention due to t
interesting physical nature and potential utility f
applications.1,2 Mainly researches of II–IV or III–V semi-
conductors have been carried out. Compared to these m
rials IV–VI semiconductors, such as PbSe or PbS, hav
larger exciton Bohr radius~46 nm for PbSe and 18 nm fo
PbS!. Thus, in PbSe or PbS quantum dots we can expe
large strong-confinement effect, which cannot be accesse
other materials. There are reports on the fabrication of P
quantum dots with a narrow size distribution in polyme3

and silicate glasses.4 Less work has been done for PbSe.
was recently reported that PbSe quantum dots in phosp
glasses having various average sizes and narrow size d
butions were fabricated.5,6 By using set of PbS and PbS
dots, extremely weak temperature dependence of the en
gap was studied.7

In addition to basic physical interest, PbSe and PbS d
are interesting for technology applications because their
sorption peak position is tunable in the 1–3mm range, de-
pending on their radius. Saturable absorbers for infrared
sers by using PbS8,9 or PbSe dots10 were demonstrated
Optical processing devices using possibly fast carrier l
times of quantum dots are other applications. Nonlin
spectroscopic studies of PbS dots, including decay-time m
surements, were reported;9,11 however, radius dependence
the decay time has not been studied yet. There is no repo
decay-time measurements or nonlinear spectroscopy of P
dots.

In this letter, we describe decay-time measurements
PbSe quantum dots at room temperature and report ra
dependence of the decay time. In quantum-dot systems
cay time, especially at room temperature, is often determi
by nonradiative carrier relaxation. The decay time is s
jected to ‘‘sample quality’’, and it is not easy to contro
However, we present here a clear dependence of the ca
lifetime against radius, that is, the smaller dots show sho
decay times.

We fabricated PbSe quantum dots in phosphate gla
in the manner reported in Refs. 5 and 6. Average radiu
controlled by annealing temperature and duration. Figur
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shows optical absorption spectra measured at room temp
ture. In addition to the lowest absorption peaks~full arrows!,
the spectra show the second and third peaks~dashed arrows!,
which indicate the narrow size distribution of these samp
Depending on the annealing conditions, the lowest peaks
located between 0.84 and 1.47 eV.

In the study of the electronic-transition energy of Pb
quantum dots, there was a discrepancy between the calc
tion and the experiment.6 The calculation was performed b
the envelope-function formalism using a bulkk•p Hamil-
tonian and assuming infinitely deep potential wells.12 In the
experiment, the radius was obtained by transmission elec
microscopy~TEM!.6 The transition energy predicted by th
theory was larger than that obtained from the experime
when radiusr ,3.5 nm.6 Further theoretical studies as we
as experimental studies in determining radius are expec
Here, we conducted small-angle x-ray scattering~SAXS!
measurements with synchrotron radiation in order to evalu
the radius of PbSe dots. The x-ray scattered intensityI (q)
was measured as a function of the modulus of the scatte
vectorq using a one-dimensional position sensitive detec
The vector is expressed asq54p sinu/l, whereu is half the
scattering angle andl is the wavelength~0.15 nm!.

Figure 2 shows Guinier plots of SAXS intensit
$ ln@I(q)#% from PbSe dots in phosphate glasses plot
againstq2. Energies indicated in the figure show the fir

FIG. 1. Absorption spectra of PbSe quantum dots in phosphate glas
room temperature.
© 2000 American Institute of Physics
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transition energies determined from the lowest absorpt
peak positions of measured samples. From the Guinier p
the average radiusr of x-ray scatterers is obtained from th
relation I (q)}exp(2q2r2/5), while we assume spherica
shape of the scatterers.13 We note that the Guinier plots of a
the curves in Fig. 2 show straight lines, which indica
monodispersive size distribution. The radii obtained from
slopes are presented in the figure.

Squares in Fig. 3 shows the first transition energies p
ted against radii obtained from SAXS. The error range of
radius was estimated from the uncertainty in the backgro
subtraction using SAXS data of glasses not embedded
PbSe dots. In this figure, the results of the envelope-func
calculation~dashed line!12 and the data corresponding to r
dii obtained from the TEM measurements~circles!6 are in-
cluded. Whenr .3.5 nm, the calculation, the data usin
SAXS radius, and the data using TEM radius agree w
However, they begin to deviate asr decreases below 3.5 nm
Both SAXS and TEM data show slightly smaller radii tha
the calculation. This is supposed to be the manifestation
the finite depth of the electron and hole potential wells.
the same time, the SAXS data show larger radii than
TEM data. We do not know the reason now. The SAX
measurements reflect different electronic densities betw

FIG. 2. Guinier plots of the small-angle x-ray scattering intensity of Pb
quantum dots in phosphate glass. The energy of the lowest absorption
of the measured sample and the obtained radius are indicated.

FIG. 3. The lowest transition energies for PbSe quantum dots of var
radius determined from SAXS~squares!. The dashed line shows the calcu
lated results~Ref. 12! and the circles show the data using radii determin
from TEM ~Ref. 6!.
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the glass matrix and the x-ray scatterers. When we ass
some atoms, for example, Pb, surrounding PbSe do14

SAXS data might show a larger radius than that of the Pb
dots. In this case, however, the agreement of the data in
regionr .3.5 nm seems a little difficult to understand. Ev
further research should be accumulated. We use SAXS
dius tentatively in this letter, considering the TEM data a
lacking for the largest transition energy~.1.2 eV!. In Fig. 1,
the radii interpolated from the SAXS data are indicated.

We measured the energy relaxation times by us
pump-and-probe experiments on PbSe quantum dots. A
generative amplifier of a titanium sapphire laser was us
For the pump beam, we used the second harmonics~3.1 eV!.
An optical parametric amplifier~the idler! was used to obtain
the probe beam, which was resonant with the lowest tra
tion energy~full arrows in Fig. 1!. The pump beam density a
the sample surface was;5 mJ/cm2, and the duration was
;0.2 ps. The number of created electron–hole pairs per
was estimated to be smaller than 1. No noticeable cha
was found in relaxation profiles with different excitatio
densities~0.5–5 mJ/cm2! or energy~1.55 eV!. The probe
beam density was less than 1/10 of the pump. The time re
lution was;0.5 ps.

Figure 4 shows temporal changes of the differen
transmission of PbSe dots at room temperature. The pro
of Figs. 4~a!–4~f! correspond to the samples shown in Fig
1~a!–1~f!, respectively. When the average radius ranges fr
~a! 2.9 nm~the largest! to ~f! 1.4 nm~the smallest!, smaller
dots are found to show faster decays. The profiles can
well fitted by two-exponential decays~see the figure and the
caption, and stretched exponential decays fit the data poo!.
The shorter lifetimet1 decreases monotonically from~a! 25
ps to ~f! 1 ps. The longer lifetimet2 is in the range of
30–1000 ps, which do not show clear correlation with t
dot radius.

e
ak

g

FIG. 4. Temporal changes of differential transmission in PbSe dots at r
temperature. Pump photon energy was 3.1 eV and probe photon energ
tuned to the lowest transition energy. The profiles can be fitted by t
exponential decays@C1 exp(t/t1)1C2 exp(t/t2)#. The obtained decay times
t1 andt2 are~a! 25 and 1000 ps,~b! 14 and 400 ps,~c! 11 and 400 ps,~d!
5 and 1000 ps,~e! 1 and 100 ps, and~f! 1 and 30 ps. Typical errors oft1 and
t2 were;20% and;50%, respectively.
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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When we excited these samples by an argon ion la
~2.4 eV!, exciton-related luminescence was observed
tween 12 K and room temperature. This fact indicates
high quality of these samples. The Stokes shift ranges f
;100 to;300 meV. The luminescence is thought to orig
nate from the exciton localization at the surface or tr
states.15 The luminescence intensity at room temperature w
decreased to;1/10 of that at 12 K. This means the presen
of the nonradiative process at room temperature.

There are several reports on carrier dynamics hav
two-decay components in quantum dots systems.15–17 Fast
decays are often attributed to the relaxation processes of
carriers and slow decays to that of trapped carriers. Con
ering the presence of Stokes-shifted luminescence in P
dots, the shorter decay timet1 can be ascribed to free-carrie
relaxation determined by the nonradiative decay and t
transition to the luminescing state. The longer decay timet2

is assumed to be due to the relaxation of the localized
luminescing states, which is not discussed here becaus
the poorer reliability of the values.

In Fig. 5, the decay rate 1/t1 is plotted against 1/r . If the
decay rate is determined by the surface, 1/r dependence
~surface-to-volume ratio! is expected.18 However, the ob-
tained dependence is;1/r 3 ~dashed line!. We do not have a
cogent explanation of this dependence yet. Even if we
the TEM radius instead of the SAXS radius, the fit giv
1/r 1.7 dependence. A stronger dependence than 1/r is clearly
suggested. We consider the following as one of the poss
explanations for 1/r 3 dependence. We assume the reg
~volumeVS! surrounding dots. Optically excited carriers c
move to this region in which luminescing states and/or n
radiative centers are located. WhenVS is somewhat larger
than the dot volumeVD , VS is assumed to be independent
dot radius. The decay rate 1/t1 is thought to be the transition
rate of the carriers from the dot to the surrounding region
to be proportional toVS /VD . Then we may understand 1/r 3

dependence qualitatively though more rigorous treatmen

FIG. 5. Decay rate 1/t1 of PbSe dots plotted against 1/r . The dashed line
shows the 1/r 3 dependence.
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wanted. It might be possible that the clear correlation
tweent1 and the dot radius at room temperature are com
from the extremely strong confinement in PbSe dots as w
as the high quality of the samples.

In conclusion, we performed SAXS measurements
PbSe quantum dots in phosphate glasses. The obtained
ranging from 1.4 to 3.5 nm correspond to those between
theoretical prediction and the reported TEM values. The s
dependence of the energy relaxation time of PbSe dots
measured by a pump-and-probe technique at room temp
ture. We found a monotonic decrease of the relaxation t
from 25 to 1 ps, as the radius decreased from 2.9 to 1.4
The 1/r 3 dependence of the relaxation time is indicated.
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