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The photoluminescence (PL) of PbSe colloidal quantum dots (QD) is investigated.

At room temperature, the surface ligands have a dominant eff ect on the photolumi-

nescence and lifetime of PbSe nanocrystals emitting photon with energy between

0.55eV and 0.72eV. We show that energy relaxation behavior of PbSe changes dra-

matically after the ligands have been replaced. Above 0.75eV, the quantum yield

becomes suf�ciently high, and the decay rate follows nearly l inear relationship with

PL energy. As temperature goes down from 300K to 14K, the lifet ime increases from

200ns to nearly 1�s , which agrees with the theoretical predictions.

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.[1] 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 in the near infrared regime ( below 1:6�m ). Thus PbSe

has potential for application as a monochromatic infrared l ight source.

In the short-wavelength infrared band( 1:6 � 2:3�m ), the PL energy might be dissi-

pated by C-H bond vibration of the lead oleate ligands on the s urface. Here we investi-

gated the energy relaxation of various sizes of samples and quantitatively showed that

the decay rate could be explained by the vibrational model.

Core/shell colloidal dots have provide potential advantag es. Better electron and

hole con�nement can be achieved, thus increasing the long te rm stability, and also

reducing the distance to the ligands. PbSe nanocrystals with various shell synthesis

thus have been widely used for PbSe study over the past few years.[2] Besides, with

CdSe shell, it is much easier to replace the ligands without l osing the size distribution.
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II. MATERIALS AND SYNTHESIS

The samples in this study are of two types. One is PbSe nanocrystal, which has been

used for �uorescence and lifetime measurement over differe nt PL energies, as well as

low temperature measurement. The other is PbSe/CdSe Core/S hell, which is mainly

used for the ligand replacement. 2 steps have been adopted to prepare PbSe colloidal

quantum dots with CdSe shell, which are described in detail i n Talapin et al[3] and

Pietryga et al[2], respectively.

PbSe Nanocrystals 0.54g lead acetate (1.66M) was dissolved in 1.8ml oleic acidand

10ml 1-octadecene (ODE). The solution was heated at1000C in vacuum for around 2

hours to form and degas lead oleate. Then the temperature was increased into 1800C

under atmosphere of argon. 4.5ml 1M TOP Se was injected into the solution as soon as

the temperature reached 1800C. 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.
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FIG. 1: TEM pictures of typical PbSe nanocrystals (left) and PbSe/CdSe Core/Shell (right)

0.5 0. 6 0 .7 0. 8 0 .9 1 .0 1 . 1 1 . 2 1 .3 1 . 4

 

 

A
bs

or
ba

nc
e 

(a
.u

.)

Energy (eV )

B efore Cd(OA )

2

 treatment

Cd(OA )

2

 treatment for 2  ho u rs

FIG. 2: Absorption spectra of sample before and after Cd/OA t reatment in tetrachloroethylene

(TCE) solution
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CdSe shell 0.25g CdO, 1.5ml oleic acid and 3.7ml ODE were heated to1000C in vac-

uum to remove water and oxygen, then to 2550C under Argon for 1 hour to form cad-

mium oleate. After all CdO had dissolved, the solution was co oled down to 1200C to

remove water. On the other hand, 10ml liquid from PbSe soluti on was cleaned once by

ethanol and centrifuged. The PbSe solid was dissolved in to 2ml toluene and degassed

by Ar at room temperature for more than 1 hour. The temperatur e was increased to

1000C rapidly and the cadmium oleate solution we had prepared was i mmediately

injected. Keep the Ar �ow and 1000C temperature for more than 1 hour with stirring.

Ligand displacement 2ml sample solution after CdOA treatment ( � 10�mol

PbSe)was cleaned once with ethanol and dispersed into chloroform. 15mg new lig-

and, per�uorotetradecanoic acid ( � 20�mol ), was dissolved in 1ml per�uoro-1,3-

dimethylcyclohexane and then heated to about 700C � 800C to increase the solubility

of the acid. It was followed by immediately mixing the QD and l igand solution. After

a few seconds of shaking or stirring, nearly all the quantum d ots would leave from the

chloroform layer for the per�uoro-1,3-dimethylcyclohexa ne layer.

III. EXPERIMENTAL SETUP

All the absorption spectra were taken with a Fourier transfo rm infrared spectrome-

ter (Thermo Nexus 670 FT IR) operating from 2000cm� 1 to 11000cm� 1 or from 400cm� 1

to 7000cm� 1.
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Here shows the schematic for �uorescence and lifetime measu rement.

We utilized a Nd:YAG laser system operating at 25Hz. The cavi ty produced laser

pulse at 1064nm wavelength. For all the room temperature measurement, the sample

was dissolved in TCE and placed in a 1mm thick glass cell. The � uorescence was col-

lected by a paraboloidal mirror and sent to a �at grating with 600 grooves per mm,

which had resolution around 40nm from 1�m to 3�m . Another paraboloidal mirror

was used to focus light onto HgCdTe Infrared detector (Kolma r KMPV 1-1-J1/DC)

covered by 1064nm laser mirror to reduce the scattered 1064nm light from the sample.

Lifetime measurement was done using the silicon photodiode trigger and digital oscil-

loscope (Tektronix TDS1012B). For the low temperature spectroscopy, instead of TCE,

2,2,4,4,6,8,8-heptamethylnonane, a low temperature glass former, was the solvent for

PbSe nanocrystal, and the cell was made of two sapphire windo ws with 0.75mm spac-

ing. The sample was cooled down by He �ow.

IV. SIZE DEPENDENCE OF ENERGY GAP
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FIG. 4: Relationship between the �rst exciton energy and 1=R2

Based on spherical in�nite potential barrier model[4], ass uming that electrons and

holes are free in the nanocrystal, one can easily calculate the size dependence of the

�rst exciton energy. More speci�cally, the energy gap is enh anced by � E inversely

proportional to the square of radius:

E = Ebulk +
~2� 2

2m� R2
(1)

where ~ is the reduced Planck constant, m� is the reduced effective mass of elec-

tron and hole: 1=m� = 1=me + 1=mh. For PbSe,Ebulk = 0:28eV, m� = 0:035m0.[5]
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So E = (10:7nm2=R2 + 0:28)eV, while the linear �tting for the measurement yields

E = (3 :17nm2=R2 + 0:412)eV, which is lower than the theoretical value. The dis-

crepancy is owing to the Coulomb interaction in PbSe nanocry stal. Compared to II-

VI or III-V semiconductors, PbSe has large Bohr radius of around 46nm,[6] which is

much bigger than the typical nanocrystals in the study. In su ch strong con�nement,

the Coulomb interaction can be introduced as a perturbation , which is on the order

of � e2="1R, where "1 is the dielectric constant of PbSe. This would bring down the

theoretical expectation value.

V. FLUORESCENCE AND ENERGY RELAXATION AT ROOM TEMPERATURE

From Fermi's golden rule, radiative rates of a transition di pole, which decays from

state ji i to jj i and emits one photon with energy E, can be written as (in CGS unit)

T � 1
r = (

3"m

"1 + 2"m
)2 4e2p "m Ejhi jpjj ij 2

3m2
0c3~2

(2)

where e is the electron charge, m0 is the free mass of the electron, c is speed of light,

~ is reduced Planck constant and "m and "1 are the dielectric constant of the medium

and PbSe, respectively. jhi jpjj ij = P is called Kane interband parameter, which does

not depend on the size of nanocrystals.[7] Taking 2P2=m0 = 3eV[8], "m = 2:25for TCE,

"1 = 23 for PbSe, we have our decay rateT � 1
r = (3 :9 � 10� 3E)ns� 1, where E in eV.
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FIG. 5: Theoretical predictions based on Fermi Golden's Rule (red: without considering degen-

eracy; black: considering degeneracy) and atomistic pseudopotential method (green)

In addition, we have to introduce the degeneracy factor. The band structure of

rock-salt PbSe nanocrytals presents 4 equivalent minimal gaps at L-points in Brillouin
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zone.[9] The �rst exciton of PbSe involves the coupling betw een 8-fold degenerate va-

lence states and 8-fold degenerate conductance states (including spin), which gives 64

degenerate states. It is stated in some literature[10] that there is 1 bright singlet state

and 3 dark triplet states in each valley due to the electron-h ole spin coupling. How-

ever, because of a rather strong spin-orbit coupling in PbSe[11], spin is no longer a

good quantum number. Instead, we need to consider the total a ngular momentum of

conduction and valence band, Jc and Jv. This gives us 3 bright states and 1 dark state

per valley.[11] Assuming that the inter-valley transition s are forbidden, this yields 12

bright states in total. Therefore, it is necessary to multip ly a degeneracy factor 12=64

when calculating the decay rates.

Based on its linear dependence on PL energy and two �xed point s (897ns for 0:89eV

and 511ns for 1:54eV), which were calculated using atomistic pseudopotential m ethod

in J. M. An et al,[11] we can also build up the formula for the de cay ratesT � 1
r = (1 :25�

10� 3E + 3:3 � 10� 5)ns� 1, where E in eV.

For the smaller nanocrystals, which have higher PL energy, t he lifetime is in ex-

cellent agreement with the theoretical curve using atomist ic pseudopotential method

[1][7][11]. In lower energy regime (below 0.75eV), however , none of the equations

above seems to be a good explanation. Our experimental results showed that decay

rate declined as energy increased, which contradicted with theoretical radiative rates.

Such phenomenon could only be explained by considering nonr adiative processes.
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FIG. 6: Fluorescence of PbSe with various sizes at room temperature

When the electron-hole pair is generated in the nanocrystal after excitation by a

photon, it either recombines and emits a photon with longer w avelength, or dissipates
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its energy in some nonradiative way. The former is usually re ferred as �uorescence and

the later is called energy relaxation, which has been studied and discussed intensely in

the past.[12][13]

The graph shows the �uorescence intensity of PbSe with diffe rent sizes, which have

been normalized by the optical density of PbSe quantum dots s olution. The intensity

increases signi�cantly as the �uorescence energy goes from 0.5eV (red) to 0.9eV (blue).

This implies that the quantum ef�ciency is higher for smalle r dots.

Therefore, in general, the total lifetime of nanocrystal wi th low energy is dom-

inated by the nonradiative rate. There are many models to des cribe nonradiative

process. In the infrared energy range, where the molecular v ibration occurs, the rate

could be strongly correlated with vibrational mechanism, w hich is explained in Guyot-

Sionnest et al[13]. The simple picture for the mechanism is that the photon emitted by

nanocrystal transfers all its energy to molecular vibratio nal mode. Assuming that PbSe

nanocrystal (radius R) is surrounded by an uniform ligand sh ell with imaginary dielec-

tric constant "00and thickness � R, nonradiative rate is expressed as: (in CGS units)

T � 1
nr = "00p

2

~

Z R+� R

R

dR
R4

= "004�p 2

9~
(

1
V1

�
1
V2

) (3)

where p = jhi jerjj ij is the transition dipole moment, V2 and V1 are the volumes of the

nanoparticle with and without shell, respectively. Becaus e of high dielectric constant

of PbSe crystal"1, we need to consider the screen factor3"m=("1 + 2"m ), of which "m is

dielectric constant of the medium.

The absorption cross section of the shell is (in CGS units)

� shell = 18�" 00V2

�
1 � f
1 + 2f

2"2
m + "2

1p
"m ("1 + 2"m )2

(4)

where f = V1=V2 represents the ratio of nanocrystal's volume to total volum e. We

can get the cross section of the shell by taking the absorption spectrum of the ligand

molecule A ligand :

� shell = 4�R 2CK � ligand = 4�R 2CK
ln 10
nlN A

A ligand (5)

Assuming that the ligand number per unit surface area CK is the same for all the sam-

ples and substituting the particle size quantity R with energy E according to the linear

�tting E = A=R2 + B, the nonradiative rate is calculated as: (in CGS units, E in eV)

T � 1
nr =

12
64

�
16� 2ACK

81E 3(E � B)
e2c~2P2

m2
0

(
3"m

"1 + 2"m
)2

p
"m ("1 + 2"m )2

2"2
m + "2

1

ln10
nlN A

A ligand

�
V � 1

1 � V � 1
2

V2 � V1

V2 + 2V1

V2
(6)
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where 12=64is the degeneracy factor.
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FIG. 7: Absorption Spectra of ligand solution and sample sol ution near CH2 characteristic

frequencies (2800cm� 1- 3200cm� 1). From the top to the bottom (red, black, blue and green)

are corresponding to oleic acid, 80% lead oleate mixture, sample solution and pure lead oleate,

respectively

The next question would be what is the ligand capping PbSe nan ocrystal. For a

long time, people believed that the ligand of PbSe nanocryst al was oleic acid.[14][15]

However, from the comparison of spectra between ligand solu tion and sample solu-

tion in the low energy range (far below the exciton), it is obv ious that ligand has a

rather different absorption behavior from oleic acid. The s pectrum of lead oleate, on

the other hand, has much less discrepancy with the sample solution, which suggests

that lead oleate is most likely to be the molecule surroundin g the nanocrystals. A re-

cent study[16] also indicates that PbSe nanoparticle has lead-terminated surface shell,

which is consistent with such hypothesis.

In practice, it is dif�cult to make pure lead oleate solution . The homemade 80%

n = 0:715mmol=ml lead oleate solution, which was prepared with sodium oleate and

lead acetate, is the most pure solution we can make for now, and thus was chosen to

calculate the rates �tting. The ”pure” lead oleate spectrum we present here is spec-

trum curve of the 80% lead oleate, 20% oleic acid mixture subtracted by pure oleic acid

spectrum.

It is important to note that what we use for the lifetime �ttin g is absorbance of the

ligands in the the exciton energy range, which we cannot get d irectly from the spec-

trum of the sample, since absorption structure of the ligand s is merged in the exciton
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FIG. 8: Absorption Spectra of 80%n = 0 :715mmol=ml in the range between 0.25eV to 1.2eV

peak of the PbSe QDs. However, we could obtain A ligand from the spectrum of the

ligand solution. Because CH2 vibration peak (around 2975cm� 1) is far below the exci-

ton and totally due to the vibration of ligands, we can use the CH2 peak height to get

concentration of the ligand solution.

The only quantity unknown, up until now, is the number densit y CK , which can be

calculated from the spectra of ligand solution and nanocrys tal sample solution. Here

is a typical absorption spectra of PbSe sample with the range from 2000cm� 1 to the

�rst exciton peak. The concentration of the ligands in the QD solution is acquired by
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FIG. 9: Absorption Spectra for typical sample solution in TC E with �rst exciton energy at

0.71eV. The radius is around 3.3nm

measuring the height of the CH2 peak. Then the concentration of PbSe nanocrystal
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nP bSe is calculated by using size-dependent extinction coef�cie nt �tting formula ( � =

0:1968R2:53801105M � 1cm� 1, where R in nm[16]) and the exciton peak height. Then the

number density CK = nligand =(4�R 2nP bSe) = 5 :68nm� 2, which indicates each ligand

occupies17:6 	A
2

on the surface of nanocrystal.

In order to check whether the calculated value is reasonable, it is useful to consider

number densities of lead number density in different lattic e planes. In PbSe rock-salt

lattice, surface number densities for lead are 6:17nm� 2 (111),5:35nm� 2 (100),3:77nm� 2

(110)[5]. These densities give rough range for the surface number density of lead oleate.

The experimental result 5:68nm� 2 is very close to the average of the three densities,

which means it is a good estimation.
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FIG. 10: Decay rates �tting: Dark yellow curve (solid) is the n onradiative rate curve based on

equation 4; green line is the radiative rate �tting using atom istic pseudopotential method in J.

M. An et al,[11]; solid red line is the total decay rates T � 1 = T � 1
nr + T � 1

r ; the dash yellow and

red lines are the error bars of nonradiative rate �tting and to tal rate �tting, respectively. Blue

dots are from the lifetime measurement of PbSe nanocrystals

In our experiment, A = 3:17eV � nm2, B = 0:41eV, "m = 2:25for chloroform, "1 = 23

for PbSe, the optical pass length l = 0:1cm , the molecular length for the ligand (lead

oleate) � R = 1:79nm, Kane parameter 2P2=m0 = 3eV[1] for PbSe.

The most striking aspect was that not only general trends but also the details were

well reproduced by such a simple model below 0.72eV, which in dicated that the ligand

had dramatic effect on the energy relaxation of PbSe nanocrystals. In higher energy

regime (above 0.75eV), the data followed well with the theor etical prediction of radia-

tive decay, which was also consistent with the vibrational m odel. The absorption of
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ligands dropped more than one order of magnitude from 0.72eV to 0.75eV, where the

magnitude of the absorbance was below the measurement threshold of the IR spec-

trometer. This means the role of ligands can be neglected above 0.75eV.
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FIG. 11: Decay curves for one set of sample with different sur face treatment. Black line is of

the original PbSe nanocrystal. Blue and red lines represent PbSe with CdSe shell. Blue is with

oleate ligand and red is with per�uoro-acid.

The effect of ligands was also re�ected by the fact that repla cing the ligands could

dramatically change the decay lifetime. Here shows the resu lt of PbSe nanocrys-

tal(black) of which the PL wavelength was 2:07�m (0.60eV). After 20 minutes of cad-

mium oleate treatment, the sample's PL shifts to 1:89�m wavelength (0.66eV), with the

lifetime changing from 345ns to 416ns. After the oleate liga nds were replaced by per-

�uorotetradecanoic acid and dissolved in per�uoro-1,3-di methylcyclohexane solvent,

the sample's PL energy stayed the same, while the lifetime in creased by more than

50%.

VI. LOW TEMPERATURE MEASUREMENT

A theoretical study predicts that the radiative lifetime wo uld increase by three or-

ders of magnitude when the sample is cooled down from room tem perature to a few

Kelvin[11]. But in the experiment, such an effect could be ha rdly observed,[10] for

the reason that nonradiative energy transfer could strongl y suppress the total lifetime,

especially when the radiative lifetime became large.

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

an energy gap at room temperature around 0.72eV. As the sample cooled down from
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FIG. 12: PL energy shift from room temperature to low tempera ture.

0 50 100 1 50 200 2 50 300

1E-3

0.00 2

0 .003

0.00 4

0 .005

0.006

1 00

200

300

400

500

600

700

800

900

1 000

 

Li
fe

tim
e 

(n
s)

D
ec

ay
 r

at
es

 (
ns

-1

)

T ( K )

FIG. 13: The temperature dependence of the lifetime and the corresponding decay rates are

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

The dash line is the �tting using Equation 7

room temperature to 14K, the PL shift increased by 70meV owin g to the reduction of

the band gap.

Out of 64-fold degenerate �rst exciton in PbSe, there are 12 bright states and 52 dark

states. [11] In thermal equilibrium, exciton in dark state c ould only decay via phonon

coupling, and thus has much longer lifetime td to be excited into bright state and then

decay to the ground state. Since compared to bright-state li fetime tb, td � tb, we could

neglect dark state rates. Assuming that there is other non-r adiative decay rate T � 1
nr;const:

besides molecular vibration, which is constant over temper ature and exciton obeys
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Boltzmann distribution, the temperature dependence of tot al lifetime can be expressed

as:

T � 1 =
12t � 1

b e� �
k B T

52 + 12e� �
k B T

+ T � 1
nr;const: (7)

where � is the dark-bright state energy gap. The curve �tting parame ter gives � =

11:2 � 1:2meV, t � 1
b = 0:0301� 0:0016ns� 1 which is consistent with the calculation at

room temperature based on molecular vibration. Compared to the typical nonradiative

rate of the sample at room temperature T � 1
nr , T � 1

nr;const: = 0:0011� 0:0002ns� 1 � T � 1
nr ,

which indicates that such nonradiative channel is negligib le when we are considering

the room temperature �tting.

VII. CONCLUSIONS

In conclusion, we studied the infrared �uorescence of PbSe. Generally, the smaller

PbSe nanocrytals emitted brighter �uorescence and had high er quantum yield. The

vibrational mechanism could be a fairly good model for the en ergy relaxation of PbSe

at room temperature. At low temperature, PbSe showed peculi ar properties, such as

considerable enhancement of lifetime, but owing to the nonr adiative decay, such effect

was suppressed to some extent.

VIII. SUPPLEMENTARY INFORMATION

A. Formula Derivation of Vibrational Mechanism

Consider a dipole ~p0 is generated in a sphere with dielectric constant "1 and the

outside unbounded medium dielectric constant is "m . Due to the screening effect, the

transition dipole moment outside the sphere ~pwould be[17]:

~p=
3"m

"1 + 2"m
~p0 (8)

The electric �eld generated by the dipole is:

~E =
3~n(~p� ~n) � ~p

R3
(9)

Imagine the sphere is coated by a shell with the thickness � R, which absorbs the

energy coming from the dipole. First, calculate the EM �eld e nergy in the shell:

Z

shell

jE j2d~r3 =
Z

0<�<�; 0<'< 2�

(
3p2 cos2 �

R6
+

p2

R6
)R2dR sin�d�d' =

Z R+� R

R

8�
R6

p2R2dR (10)
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Charges in the shell are driven by the electric �eld to dissip ate the energy:

m •Q + kQ � 
 _Q = eE (11)

where Q is the generalized coordinate. The power of the electric force per unit volume:

du
dt

= eE
dQ
dt

= E _P (12)

where P is the electric polarization density. P = �E = ( � 0+ i� 00)E, of which � 0 and � 00

are the real and imaginary part of electric susceptibility r espectively.

E = E0 cos!t =
1
2

(E0ei!t + E0e� i!t ) (13)

P = ( � 0+ i� 00)
E0

2
ei!t + ( � 0 � i� 00)

E0

2
e� i!t (14)

The power dissipated average over time:

dU
dt

=
Z

d~r3 du
dt

=
Z

d~r3E _P = � !� 00
Z

d~r3 E 2
0

2
(15)

Because" = 1 + 4 �� ,

� 00= (
" � 1
4�

)00= (
"

4�
)00 (16)

From Equation (10), (15) and (16), we get:

dU
dt

= �
Z R+� R

R
!

"00

4�
1
2

8�
R6

p2R2dR = �
Z R+� R

R

!" 00p2dR
R4

(17)

Based on~! is the quantum energy of U:

~!
Tnr

= �
dU
dt

(18)

Therefore, the nonradiative rate T � 1
nr :[13]

T � 1
nr =

Z R+� R

R

"00

~
p2dR
R4

(19)

In order to express it in term of the absorbance, which could b e obtained directly

from the spectrum, let us now calculate the cross section of the shell. In electrostatics

approximation, we can replace the sphere by the induced dipo le as long as the size

of the sphere R � � . The coated sphere under the external electric �eld ~E0 has an

induced dipole moment: ~p= "m � ~E0, for which � is polarizability. Denote that the shell

has complex dielectric constant "2 = "m + i" 00and the volumes of the sphere with and

without shell are V2 and V1, respectively, and de�ne f � V1=V2. We have:[18]

� = 3V2
("2 � "m )("1 + "2) + f ("1 � "2)("m + 2"2)

("2 + 2"m )("1 + 2"2) + f (2"2 � 2"m )("1 � "2)
(20)
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To the �rst order of 1� f
1+2 f , the cross section of the shell is:

� shell = 2�
p

"m

�
lmf � g = 18�" 00V2

�
1 � f
1 + 2f

2"2
m + "2

1p
"m ("1 + 2"m )2

(21)

Transition dipole moment p0 can be expressed as:

p2
0 = e2jhi jrjj ij 2 =

e2

m2
0! 2

jhi jpjj ij 2 (22)

where p is momentum operator. For PbSe, we estimate 2P2=m0 � 2jhi jpjj ij 2=m0 �

3eV[1]. The shell is composed of ligands around nanocrystal whi ch has constant num-

ber density CK (number per unit area). Therefore, the cross section relationship be-

tween shell and single ligand would be:

� shell = 4�R 2CK � ligand = 4�R 2CK
ln 10
nlN A

A ligand (23)

where l is the optical path length of the solution, NA is the Avogadro constant, and n

is molar concentration of the ligand solution, respectivel y. A ligand is calculated from

absorbance of ligand solution averaging over 500cm� 1, which is the typical full width

at half maximum of the �rst exciton absorption peak.

From Equation (19),(21), (22) and (23), we can derive the nonradiative rates in terms

of the absorbance of ligand A ligand :

T � 1
nr =

12
64

�
16� 2ACK

81E 3(E � B)
e2c~2P2

m2
0

(
3"m

"1 + 2"m
)2

p
"m ("1 + 2"m )2

2"2
m + "2

1

ln10
nlN A

A ligand

�
V � 1

1 � V � 1
2

V2 � V1

V2 + 2V1

V2
(24)

B. Error Analysis

The size distribution of PbSe sample was measured from TEM pi ctures. I randomly

chose 40 dots or so from pictures of each sample and measured its radius, and utilized

the standard deviation as the error for R. The uncertainties of lifetime measurement

was given by ORIGIN Program based on the chi-square minimiza tion with no weight-

ing method.

The error of absorbance � A ligand of ligand molecules was estimated based on the

standard deviation of four times measurement of the absorpt ion spectra. The precision

of PL energy measurement � E = 0:01eV was determined by the grating. The energy-

radius E � R linear �tting gave the error of coef�cients � A = 0:03eV nm2, � B = 0:05eV.

Besides, estimate the percentage uncertainties ofCK and light path length l were both

5%.
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The total error for T � 1
nr is given by:

(� T � 1
nr )2 = (

@T� 1
nr

@E
)2(� E)2 + (

@T� 1
nr

@Aligand
)2(� A ligand )2 + (

@T� 1
nr

@A
)2(� A)2

+(
@T� 1

nr

@B
)2(� B )2 + (

@T� 1
nr

@l
)2(� l )2 + (

@T� 1
nr

@CK
)2(� CK )2 (25)
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