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The photoluminescence (PL) of PbSe colloidal quantum dots (QD) is studied. At
room temperature, we nd that surface ligands have a dominant effect on the uo-
rescence and lifetime of PbSe nanocrystal, with PL peak enegy between 0.55eV and
0.86eV. As temperature goes down from 300K to 14K, the lifetim e increases dramat-
ically, which ts the theoretical expectation. PbSe/CdSe Co re/Shell nanocrystal
had also been synthesized for future studies. Such Core/Shell structures are ex-
pected to improve the surface passivation and thus greatly e nhance the uorescence
intensity.[1] Besides,ligand exchange is supposed to reduce the nonradiative decay

and improve the quantum yield.

I. INTRODUCTION

The understanding of the electrical and optical properties of nanocrystals has in-
creased signi cantly, since the rst colloidal quantum dot s were prepared. Among
various quantum dots, selenide based quantum dots have appl ications as laser mate-
rials, optical sensors and so on. Colloidal quantum dots mad e from narrow gap PbSe
were found to exhibit a well-de ned excitonic structure and have near-unity quantum
yield with emission wavelength between 1.2 microns and 2 mic rons determined by the
particle size. Thus PbSe has potential for application as a monochromatic infrared light
source.

However, due to its instability at room temperature, PbSe QD s degenerate very fast
even after several hours. One way to solve the problem is to generate a shell, such as
CdSe.[1] Besides, the ligands of PbSe nanocrystal suppressts quantum yield consid-
erably, but it is dif cult to change the ligand from PbSe surf ace directly.[2] Therefore,
replacing the PbSe surface with CdSe or CdS shell could be a peliminary step for lig-

and exchange.



II. MATERIALS AND SYNTHESIS

Two steps have been adopted to prepare PbSe colloidal quantum dots with CdSe
shell, which are described in detail in Talapin et al[3] and P ietryga et al[1], respectively.

PbSe Cores0.549g lead acetate (1.66M) was dissolved in 1.8ml oleic acidand 10ml|
1-octadecene (ODE). The solution was heated at10®C in vacuum for around 2 hours
to form and degas lead oleate. Then the temperature was increased into 18°C under
atmosphere of argon. 4.5ml 1M TOP Se was injected into the solution as soon as the
temperature reached 180°C. The reaction time varies from 5 seconds to 1 minute to
obtain PbSe with desired sizes. The solution was cooled down by 5ml toluene and 5ml

hexane.

FIG. 1: The graph is the absorption spectra of PbSe of different sizes in tetrachloroethylene

(C2Cly) solution

FIG. 2: TEM picture of typical PbSe nanocrystals prepared by the method above (Left is the

spectra of sample corresponding to)

CdSe shell 0.25g CdO, 1.5ml Oleic acid and 3.7ml ODE were heated to 100°C in
vacuum to remove water and oxygen, then to 255°C under Argon for 1 hour to form
Cadmium Oleate (Cd/OA). After all CdO had dissolved, the sol ution went down to



FIG. 3: TEM picture of PbSe/CdSe Core/Shell (Left is the spectra of sample before and after
Cd/OA treatment)

12@C to remove water. On the other hand, 10ml liquid from PbSe solu tion was cleaned
once by ethanol and centrifuged. The PbSe solid was dissolved in to 2ml toluene and
degassed by Ar in room temperature for more than 1 hour. Incre ase the temperature
to 100°C rapidly and immediately inject the all Cadmium Oleate solut ion we had pre-

pared. Keep the Ar ow and 100°C temperature for more than 1 hour with stirring.

lll. SIZE DEPENDENCE OF ENERGY GAP

Based on spherical potential barrier model[4], one can easily calculate the size de-
pendence of the rst exciton energy. More speci cally, the e nergy gap is inversely

proportional to the square of radius.

FIG. 4: The graph shows the relationship between the rst exci ton energy and 1=R?



IV. FLUORESCENCE AND ENERGY RELAXATION AT ROOM TEMPERATURE

When the electron-hole pair is generated in the nanocrystal due to absorption of a
photon, it either recombines and emits a photon with longer w avelength, or transfer
its energy in some nonradiative way. The former is usually re ferred as uorescence
and the later is called energy relaxation in most cases, which has been studied and

discussed intensely in the past.[5][6]

FIG. 5: Fluorescence in room temperature

The graph shows the uorescence intensity of different-siz ed PbSe, which has been
normalized by the concentration of PbSe quantum dots soluti on. The intensity in-
creases signi cantly as the uorescence energy goes from 0.5eV (red) to 0.9eV (blue).
One possible explanation is at lower energy, the absorbance of ligands, which we be-
lieve is lead oleate, is generally higher. Therefore, the photon coming from the quan-
tum dots have a higher probability to be absorbed by the ligan d shell around the dots.
Such energy relaxation via vibrational mechanism is explai ned at Guyot-Sionnest et
al[6]. Here is the semi quantitative result using the ligand -vibrational model.

From gquantum mechanics, radiative rates of a dipole in a medi um can be written
asT, ! = 4&® "E=3m3c3~?[8], which is proportional to the exciton energy E. From J.
M. An et al[7], the calculated lifetime for R = 3nm (E = 0:88eV, approximately) is
around 1s. So for simplicity, the radiative rates is given by T, * =1 10 3ns ',
where E in eV. Based on the vibrational mechanism, we estimate the nonradiative rates
asT,1=0:03ns ! Ajgana =E (See supplementary information), where E is the energy
in eV, Ajgand IS the absorbance of lead oleate. Here we assume that only 2% & ligands
surround the quantum dots have contribution to the total dec ay rate.

The semiclassical estimation indicates that the ligand has dramatic effect on the en-



FIG. 6: Decay rates tting

ergy relaxation of PbSe nanocrystal, especially in the low energy region.

V. LOW TEMPERATURE MEASUREMENT

A theoretical study predicts that radiative lifetime shoul d increase by three orders
of magnitude when the sample goes from room temperature to a f ew Kelvin[9]. But in
the experiment, such an effect could be hardly observed, for the reason that nonradia-
tive energy transfer can strongly suppress the total lifeti me, even when the radiative

lifetime becomes large.

FIG. 7. The graph shows the uorescence shift from room tempe rature to low temperature.
The uorescence is dim, probably because the absorbance of heptamethylnonane is maximum

in this energy region

The result above is the measurement of PbSe in heptamethylnonane solution with

an energy gap at room temperature around 0.72eV. As the sample cools down from



FIG. 8: The temperature dependence of the lifetime and the corresponding decay rates are

shown above. The lifetime increases by a factor of 5 as the tenperature goes from 300K to 14K.

room temperature to 14K, its uorescence shifts to the red ar ound 100meV. Generally
speaking, besides the radiative lifetime increases as temperature goes down, there are
two effects on the total lifetime. One is near eld absorptio n, corresponding to ligands
vibration. The other is far eld absorption, which rises fro m the absorption of the hep-
tamethylnonane solvent. Because its absorbance in such enegy region is higher than
lead oleate, the heptamethylnonane is the dominant factor f or the lifetime suppression
in low temperature. But the quantitative interpretation is  still needed to con rm the
assumption above.

A recent study[10] also showed the enhancement of lifetime b y factor of 6 from 150K
to 7K.

VI. CONCLUSION

In conclusion, we studied the infrared uorescence of PbSe. Generally, the smaller
PbSe nanocrytals emits brighter uorescence. The vibratio nal mechanism can be inter-
pretation for the results of the lifetime at room temperatur e. At low temperature, PbSe
is expected to show peculiar properties, such as considerable enhancement of lifetime.

But due to the nonradiative decay, such effect is suppressed to some extent.

VIl. SUPPLEMENTARY INFORMATION

Consider adipole p in a sphere with dielectric constant "; and the outside dielectric

constant is "o. Due to the screening effect, the transition dipole moment o utside the



sphere pwould be[11]:
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The electric eld generated by the dipole is:
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Imagine there is a shell outside the sphere with the thickness R R, which absorbs

the energy coming from the dipole. First, calculate the EM e |d energy in the shell:
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Charges in the shell are driven by the electric eld to dissip ate the energy:

mQ+ kQ Q= eE (4)

where Q is the generalized coordinate. The power of the electric force per unit volume:
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where P is the electric polarization density. P = E =( %+ i 9E, of which %and

are the real and imaginary part of electric susceptibility r espectively.
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From Equation (3), (8) and (9), we get:
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Therefore, the nonradiative rate T,,* :[6]
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Unfortunately, R in the formula is an parameter, which cannot be measured experi-
mentally. In order to link it to observable quantity, the cro ss section of the shell can be
calculated as:[6]

2 R 2||2 + np
shell = 24 2nof? P o
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Transiton dipole moment p, can be expressed as:
2= jhijRjfij2 = _e2 jhijPjf ij 2 (14)
Po JNRJT Y m%!ZJJJJ

where B is momentum operator. For PbSe, we estimate 2jhij|5jf ij>=my  3eV[8]. The
shell is composed of ligands arround nanocrystal which has ¢ onstant number density
K (number per unit area). Therefore, the cross section relationship between shell and

single ligand would be:

In10
shell =4 RZK jigand =4 R 2K ———Ajigand (15)
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where | is the optical path length of the solution, Nj is the Avogadro constant, Ajigand

and n are the absorbance and molar concentration of the ligand solution, respectively.
From Equation (12),(13) and (15), we can derive the nonradiative rates using the

absorbance of ligand, which can be acquired from spectra of ligand solution. (For PbSe

nanocrystals, people believe that the ligand is oleic acid.[2][12])

FIG. 9: Absorption Spectra for Oleic Acid solution with n = 0:70mmol=ml|

So for now, the only quantity unknown is the number density K, which is calcu-
lated from the spectra of ligand solution and nanocrystal sa mple solution. Since the
CH, peak(297=m 1) is totally due to the vibration of ligands, we can use the CH,
peak height and corresponding peak height in the spectra of | igands with known con-
centration to get the ligand concentration in the dot soluti on. Here is a typical absorp-
tion spectra of PbSe sample with the range from 200@&m ! to the rst exciton peak.

Then using extinction coef cient (0.8 cm =M for R = 3nm [12]) and the exciton peak



FIG. 10: Absorption Spectra for typical sample solution in T CE with rst exciton energy at

0.71eV. The radius is around 3.2nm

height, it is easy to obtain the concentration of PbSe nanocrystal nppse. Then the num-
ber density K = 4%% =4:27 10®m 2, which means each ligand occupies 23a°
on the surface of nanocrystal.

Finally, given by ER? = const' 7:92nm? eV][7], "o = 2:25for chloroform and "; =
23 for PbSe[8], Equation (1), (12),(13), (14) and (15) yield:T,* = 1:3ns *  Ajgana =E.
However, the result is 50 times higher from best tting T,! = 0:03ns ' Ajgana =E.
The main reason for the discrepancy might rise from differen t absorption behavior be-
tween the oleic acid solution and the ligand attaching the na nocrystal. Here is the
comparison of the spectra between ligand solution and sampl e solution in the low en-

ergy range (far below the exciton). There is a much broader peak near CH, peak region

FIG. 11: Absorption Spectra of ligand solution and sample so lution near CH» region

in oleic acid solution which is associated with intermolecu lar hydrogen bonding. The
biggest discrepancy is one order of magnitude (around 310@&m 1). It indicates that the
ligand on the nanocrystal is not oleic acid but lead oleate, w hich has less probability to

form hydrogen bonding. It is the greatest source for our erro r of our estimation. But
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quantitative data is needed to con rm such assumption.
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