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Introduction
• Colloidal nanocrystals with significantly different properties 

than their bulk analogs have been explored for a variety of g p y
applications, including solar cells, field effect transistors, 
etc.

• The deposition of nanocrystals on substrates by solution-
based processes also provides a low-cost route without the p p
use of high temperature or vacuum.

Th  ti  f l d h l id t l (PbS  • The properties of lead chalcogenide nanocrystals (PbS, 
PbSe, PbTe), a narrow and size-tunable band gap, 
symmetric conduction and valence bands, their relatively symmetric conduction and valence bands, their relatively 
low effective electron and hole masses, make them 
candidates for a variety of electronic and optoelectronic 
applicationsapplications.



Introduction
• Many applications of nanocrystal films will require device 

operation at elevated temperature  But the influence of operation at elevated temperature. But the influence of 
heating on the structure and composition of the 
nanocrystal films has been overlooked.y

• Several reports have shown that thermal processing can 
change the electronic properties of PbSe nanocrystal films. 
However, a detailed analysis of the structural changes of 
the heated PbSe nanocrystals was not providedthe heated PbSe nanocrystals was not provided.

• Here  they report a detailed study of how the structure and • Here, they report a detailed study of how the structure and 
composition of a body-centered cubic (bcc) superlattice of 
oleic acid-capped PbSe nanocrystals changes as it is oleic acid capped PbSe nanocrystals changes as it is 
heated in air to 350℃.



PbSe Nanocrystal Preparation
• Chemicals: Lead acetate trihydrate (Pb(ac)2 3H2O), 

oleic acid  diphenyl ether  selenium powder  and oleic acid, diphenyl ether, selenium powder, and 
trioctylphosphine.

• Redisperse and precipitate the nanocrystals using 
toluene and ethanol as a solvent/antisolvent pair.

• PbSe nanocrystals were dispersed in hexane and 
then diluted with an equal volume of toluene and q
was drop-cast onto a TEM grid for TEM imaging or a 
soda-lime glass cover slide for SAXS.g



Structure

• TEM (transmission electron microscopy) images of oleic acid-capped PbSe
nanocrystals drop-cast from relatively (a) dilute or (b and c) concentrated 
dispersions in 1:1 mixture by volume of hexane and toluene  (a) A dispersions in 1:1 mixture by volume of hexane and toluene. (a) A 
monolayer of PbSe nanocrystals with hexagonal order; (b) a PbSe
nanocrystal superlattice film of several nanocrystals thick ( 20 nm) with 
bcc symmetry. (c) A region of sample with the coexistence of thicker bcc 
superlattice films and monolayers of hexagonally ordered nanocrystals.



Transmission SAXS
• The radial X-ray scattering 

intensity profile is obtained by 
integrating the experimentally 
measured 2D scattering pattern.

• The diffraction peaks appear • The diffraction peaks appear 
with relative positions of 
q/q*=1,√2,√3,√4, where q* = 
0.825 nm-1 .

Th  l tti  h  ith  b  • The superlattice has either bcc 
or simple cubic symmetry.

• The d-spacings of the first four The d spacings of the first four 
diffraction peaks correspond to 
d=2π/q = 7.61, 5.44, 4.40, and 
3.80 nm,



d-spacings

• d-spacings observed by TEM 
bet een (100)  (110)  and (210) between (100), (110), and (210) 
planes are 10.57, 7.63, and 
4 71 nm4.71 nm,

• The average lattice constant of 
abcc TEM =10.63 nm.abcc,TEM 0 63

• Bcc lattice constant determined 
from SAXS is abcc,SAXS = 10.79 
nm. If the superlattice had sc 
symmetry, the lattice constant 
would be asc,SAXS= 7.63 nm,
Th  l tti  i  b  d t • The superlattice is bcc and not 
sc.



Diameter of PbSe cores
• Measure SAXS of PbSe

nanocrystals dispersed in 
hexane to obtain an estimate of 
the inorganic PbSe cores.

• By fitting the data to a model for 
the X-ray scattering intensity,

A  g  di t  i  6 60 ±• An average diameter is 6.60 ±
0.79 nm. Interparticle separation 
between nearest neighbor is between nearest neighbor is 
9.34 nm.

• Ligand shell thickness is δ = g
1/2(Deff,SAXS Dcore,SAXS) = 1.37 nm.



Film heating and SAXS

• PbSe nanocrystals was heated at 3℃/min from 28 to 350℃.



Analysis
• The data reveal four transitions
• (1) Between 25 and110℃, the superlattice exhibits bcc structure, ( ) , p ,

with the diffraction peaks shifting to slight larger q, indicating a 
slight lattice contraction upon heating.

• (2) Between 110 and 150℃  the superlattice contracts more • (2) Between 110 and 150℃, the superlattice contracts more 
significantly with a gradual loss of order as indicated by the 
appearance of a second order diffraction peak (denoted by star)  
associated with an amorphous assembly  associated with an amorphous assembly. 

• (3) between 150 and 168℃, At 150℃, the superlattice structure 
has completely disappeared as indicated by the loss of the bcc 
(200)  (211)  d (220) diff i  k  A  168 ℃  ll f h  (200), (211), and (220) diffraction peaks. At 168 ℃, all of the 
diffraction rings have disappeared, indicating the complete loss 
of local positional order.p

• (4) Above 168℃, sintered grains grow in size, as indicated by the 
shift in scattering intensity to lower q.  Between 200 and250℃, 
the scattering intensity increases at low q values  which is the scattering intensity increases at low q values, which is 
consistent with oxidation of the PbSe nanocrystals into PbSeO3 
nanorods.



Nearest-neighbor spacing

• Center-to-center nearest-
neighbor spacing and the bcc 
superlattice constant was 
plotted as a function of 
temperature.
In this temperat re range  the • In this temperature range, the 
superlattice contracts upon 
heatingheating.

• Lattice contraction became 
more significant when the o e s g ca t e t e
temperature reached the 
boiling points of hexane and 
toluene.



Sintering

• Oxidation of the PbSe nanocrystals to PbSeO3 begins at around 
℃200℃. Complete transformation of PbSe to PbSeO3 has occurred 

after heating to 300℃ in air. TEM images at (b) 25 and (c) 300℃
indicate that the PbSe nanocrystals transform to nanorods upon indicate that the PbSe nanocrystals transform to nanorods upon 
oxidation.



Conclusions

• The heating-induced structural changes of a PbSe nanocrystal
superlattice with bcc structure were followed by SAXS  superlattice with bcc structure were followed by SAXS. 

• The bcc superlattice is stable up to a temperature of 110℃ with 
a slight lattice contraction. 

• From 110 C, the lattice contraction becomes more significantly 
and is accompanied by disordering of the superlattice. By 150 C, 
the nanocrystal film is completely amorphous. y p y p

• At168 C, the weak diffraction peaks from the amorphous 
nanocrystal assembly disappear, indicating loss of local, short-
range  positional orderrange, positional order.

• Above 168 C, the nanocrystals sinter and transform to PbSeO3 
nanorods
Th  lt   l bl    ti l li ti  f • These results are valuable as many practical applications of 
semiconductor nanocrystal superlattices will require operation at 
elevated temperatures.




