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Positron Two Dimensional Angular Correlation of Annihilation Radiation (2D-ACAR)

measurements reveal modifications of the electronic structure and composition at the surfaces of

PbSe quantum dots (QDs), deposited as thin films, produced by various ligands containing either

oxygen or nitrogen atoms. In particular, the 2D-ACAR measurements on thin films of colloidal

PbSe QDs capped with oleic acid ligands yield an increased intensity in the electron momentum

density (EMD) at high momenta compared to PbSe quantum dots capped with oleylamine.

Moreover, the EMD of PbSe QDs is strongly affected by the small ethylenediamine ligands, since

these molecules lead to small distances between QDs and favor neck formation between near

neighbor QDs, inducing electronic coupling between neighboring QDs. The high sensitivity to the

presence of oxygen atoms at the surface can be also exploited to monitor the surface oxidation of

PbSe QDs upon exposure to air. Our study clearly demonstrates that positron annihilation spectros-

copy applied to thin films can probe surface transformations of colloidal semiconductor QDs

embedded in functional layers. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942609]

Semiconductor quantum dots (QDs) present remarkable

advantages as photovoltaic materials due to their tunable

electronic structure. Physical properties of QDs such as pho-

toluminescence (PL), charge carrier mobility, and multiple-

exciton generation are greatly influenced by ligands used in

the passivation of surfaces. The local environment of atoms

on QD surfaces is intrinsically different from that of the core

of QDs and varies with the type of ligand. The structural and

electronic modifications due to surface ligands have been

investigated via ab-initio modelling studies.1–4 Experimental

techniques such as X-ray absorption spectroscopy (XAS)5

have been used to explore changes in electronic properties

due to the nature of ligands. This is important since key

properties such as photoconductivity and charge carrier mo-

bility depend strongly on the type of ligand attached to the

surface of the PbSe QDs.6 Treating PbSe QD films with short

ligand molecules such as ethylenediamine (EDA) leads to a

strong electronic coupling between the PbSe cores and

results in high carrier mobility and photoconductivity.6 A

key issue in the development of solar cells based on PbSe

QD absorber layers7,8 is that these cells often show a strong,

time-dependent degradation under ambient conditions.9–11

Optical Absorption Spectroscopy (OAS) and X-ray

Photoemission Spectroscopy (XPS) studies of PbSe QD films

indicate that the dominant degradation process involves oxi-

dation of the QDs through exposure to atmospheric oxygen.

Strategies based on surface engineering, e.g., involving the

reaction of molecular chlorine with Se to form a protective

thin PbClx shell, are being developed to arrive at air-stable

PbSe QD solids for applications as solar cells and field effect

transistors.12,13 Clearly, the development of methods to

investigate and monitor surfaces of PbSe QDs embedded in a

sub-surface layer in such devices is of crucial importance. In

this regard, positron annihilation spectroscopy (PAS) offers

unique advantages over XAS, OAS, and XPS, since it com-

bines a high sensitivity to selectively probe surfaces of nano-

particles14–16 with an established capacity for depth-profiling

of films in the range of �10 nm to a few lm.17–19 These

unique merits are highly important in studies of photovoltaic

devices, where charge carrier separation requires the forma-

tion of a p-n junction,8 and PAS can probe the involved light

absorbing and charge separation layers independently.

Here, we use the positron two dimensional angular cor-

relation of annihilation radiation (2D-ACAR) technique14 to

probe the electronic and compositional changes at the surfa-

ces of PbSe QDs deposited as thin films. Previous positron

lifetime experiments have shown that more than 90% of

positrons implanted in a layer of PbSe QDs capped with

Oleic Acid (OA) ligands trap at the surface of PbSe QDs,16

where the positron is bound in a potential well behaving like

an image potential at large distances (Figure 1).20,21

Positrons implanted in the PbSe QD layer primarily lose

their high initial kinetic energy in the PbSe cores of the QDs

where they thermalize. Subsequently, they have a high prob-

ability of trapping in a surface state (Figure 1).20,21

Therefore, the gamma rays produced by the annihilation of

positrons trapped in surface states yields a way to probe the

surface of PbSe QDs using 2D-ACAR, as the angular

a)Electronic mail: s.w.h.eijt@tudelft.nl
b)Present Address: Institute of Physics and Astronomy, University of

Potsdam, Karl-Liebknecht-Strasse 24-25, 14476 Potsdam, Germany
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correlation of this annihilation radiation carries detailed in-

formation on the electron momentum density (EMD)

sampled by the positron trapped in the surface state.14

Films with PbSe QDs using three different ligands,

namely, Oleylamine (OLA), OA, and EDA,22 were studied

in order to investigate the variation in electron-positron mo-

mentum density with the type of ligand end group (amine or

carboxyl) and chain length (long or short). The two ligands

OA and OLA are equally long, but differ in their attachment

to the PbSe QDs. OA ligands attach to the surfaces of PbSe

QDs by the formation of Pb2þ(OA–)2 complexes involving

electrostatic interactions between lead and oxygen ions,4,9,23

while the amine group of OLA only binds weakly to the sur-

face of PbSe QDs, involving weak covalent interactions.

Further, part of the QD surfaces might be passivated by chlo-

ride ions present in the synthesis.24,25 EDA ligands are much

shorter, and also interact only weakly to the surface of PbSe

QDs. EDA treatment of PbSe QD films with OLA ligands

mostly induces removal of the original ligands,6 as was

observed for films of PbSe QDs with OA ligands, while very

little EDA was found on the surface after the treatment.23

Our ACAR measurements on PbSe QD films with OA

ligands reveal a stronger electron momentum density at high

momenta compared to PbSe QDs with OLA ligands or

treated with EDA. This effect is caused by oxygen atoms at

the surface of QDs with OA ligands. This high sensitivity to

oxygen atoms was further exploited to monitor the oxidation

process of a layer of PbSe QDs with EDA ligands upon ex-

posure to air.

PbSe QDs with average sizes ranging between 5 nm and

6 nm were synthesized by using oleylamine-based synthe-

sis.26 PbSe QDs with OA ligands and PbSe QDs treated with

EDA were made by exchanging oleylamine with the other

ligands. Hexane was used as a solvent for drop casting PbSe

QDs with OA ligands and OLA ligands onto indium-

tinoxide coated glass substrates. The deposition of the PbSe

QDs treated with EDA was performed by dip coating. The

PbSe QD films were examined by 2D-ACAR using the thin-

film POSH-ACAR setup at the Reactor Institute Delft.14–16

For comparison, a PbSe single crystal was studied by 2D-

ACAR using a 22Na positron source. The 2D-ACAR distri-

butions were obtained with positron implantation energies of

1 keV for PbSe QDs with EDA and 3.4 keV for PbSe QDs

with OLA and OA ligands. These energies correspond to av-

erage implantation depths of �7 nm and �50 nm, respec-

tively, coinciding to the middle of the deposited films as

determined by positron Doppler broadening depth profil-

ing.22 The 2D-ACAR spectra consisting of 107 counts were

analysed using the ACAR2D program.27 The distributions

were isotropic due to the polycrystalline random orientation

of the nanocrystals. Therefore, 1D-ACAR spectra were

obtained by integrating the isotropic part of the 2D-ACAR

spectra over one momentum direction.

Figure 2 presents the measured 1D-ACAR momentum

distributions of PbSe QDs with OLA and OA ligands, and af-

ter EDA treatment of PbSe QDs with OLA ligands, in the

form of ratio curves relative to bulk crystalline PbSe. The ra-

tio curves show a peak at �1 a.u. caused mostly by quantum

confinement of the Se(4p) valence electron orbitals,16 posi-

tron confinement,28,29 and other small contributions of atoms

at the surface connected with the ligands.16 The confinement

of valence electrons and positrons for PbSe QDs capped with

OA and OLA ligands leads to a small difference in the 1 a.u.

peak area,16,30 since the QDs have comparable sizes and the

ligands have the same large chain length. In the case of EDA

treated films, however, the confinement peak is significantly

smaller. This pronounced difference can be attributed to the

small QD-QD distances, which leads to electronic coupling

of neighbouring QDs,6 resulting in a corresponding reduction

of the Se(4p) valence electron confinement.15 Furthermore,

in ligand-exchange studies, it was demonstrated that short-

chain diamines effectively strip lead oleate from (100) surfa-

ces of the PbSe QDs.23,31 The ligand replacement remains

incomplete, particularly for the PbSe {100}-facets, which

remain partially bare.23 This leads to neck formation and epi-

taxially connection between PbSe QDs,23 inducing electronic

coupling between QDs. Partial depletion of QD surfaces and

neck formation between QDs also occurs for EDA treatment

of PbSe QDs capped with OLA ligands.6 The electronic cou-

pling induced by short QD-QD distances and neck formation

results in more delocalized electron states with lower kinetic

energy and momentum. This effect explains the narrowing

FIG. 1. Schematic density jwþj
2

of the positron surface state of the quantum

dot, and schematic illustration of a Pb2þ(OA�)2 complex at the surface.

FIG. 2. The ratio curve of 1D-ACAR momentum distributions for PbSe

QDs with various surface compositions: oleic acid (blue); oleylamine (red);

and, EDA (magenta). All curves are normalized to the directionally averaged

1D-ACAR distribution of bulk PbSe. (a.u.¼ atomic units).

081602-2 Shi et al. Appl. Phys. Lett. 108, 081602 (2016)
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of the EMD in momentum space, and a lower intensity of the

confinement peak (Figure 2).

Independently, the high momentum region between 2

and 2.5 a.u. can be considered since the intensity here is pri-

marily determined by the contributions of Pb atoms [Pb(5d)

semi-core electrons]16 and contributions of ligand adatoms

present at the surface. This region may also be influenced by

positron annihilation with Se(3d) semi-core electrons.16 The

differences in the ratio curves in this momentum range

reflect the various surface compositions probed by the

trapped positrons. Previous calculations showed that the con-

tribution of O(1s) electrons gradually becomes the most im-

portant factor in the observed electron-positron momentum

density in the region p> 2 a.u. for PbSe QDs with OA

ligands.16 Figure 2 shows that PbSe QDs with OA ligands

exhibit a higher intensity in this momentum range than PbSe

QDs with OLA ligands or PbSe QDs treated with EDA. OA

and OLA share the same large C17H33 tail, and differ only in

the –(C¼O)O– and –(CH2)HN– end groups attached strongly

and weakly, respectively, to the surface of the PbSe QDs.

The EMD of PbSe QDs observed by positron annihilation is

thus clearly affected by the surface composition (involving

the presence of oxygen versus nitrogen, and possibly chlo-

rine), as is visible in the high momentum range. Indeed, cal-

culations indicate that oxygen and chloride ions form

attractive sites for positrons, as O� and Cl� form bound

states with a positron, in contrast to the case of nitrogen.32–34

One should note that, for a positron localized at the surface

of the QD, the dominant Coulomb attraction comes mostly

from an individual ion and the contribution from all other

ions can be neglected as a first approximation as in the

Boev-Arefiev model considered in Ref. 35.

Compared to the case of OLA ligands, PbSe QDs treated

with EDA show a further reduced intensity in the high-

momentum range, which could be attributed to annihilation

at partially bare PbSe facets created during treatment with

EDA.23 Indeed, our previous study on PbSe QDs capped

with OA ligands revealed a similar reduction in intensity for

PbSe QDs with incompletely covered surfaces.16

Confinement of valence electron orbitals with/without cou-

pling between neighbouring QDs mainly influences the

EMD at low momenta (Figure 2). This sensitivity demon-

strates that thin film positron annihilation is a suitable char-

acterization method to examine the surface composition and

electronic structure of PbSe QD layers, which are key to

understanding the resulting (opto-)electronic properties.

Moreover, access to the depth range of up to �1.5 lm below

the outer surface of a PbSe QD layer in positron beam

experiments enables one to perform full depth-profiling stud-

ies of innovative photovoltaic devices based on PbSe QD

layers13 as the involved layer thicknesses typically range

from several hundred nanometers to micrometers.

In the second set of experiments, the sensitivity to detect

oxygen present at the surface of PbSe QDs is further

exploited. The local oxidation of the surfaces of PbSe QDs

treated with EDA ligands can therefore be investigated. A

rather thin PbSe QD film of about 2–3 monolayers deposited

on a �100 nm ITO layer on a glass substrate was used,22 in

order to prevent any depth dependence of the oxidation pro-

cess as all PbSe QDs are uniformly exposed to oxygen of

ambient air. Figure 3(a) shows that the first absorbance peak

in the OAS spectra shifts towards shorter wavelength over a

period of 3 months of oxidation under ambient conditions.

The observed large blue shift of the absorption features

points to a reduction in the effective PbSe core diameter

from an initial value of 6.1 nm to 5.0 nm (Ref. 11) caused by

the formation of a thin oxidized shell. Figure 3(b) explicitly

shows the gradual reduction in the effective PbSe core radius

of the QDs as a function of exposure time in air, extracted

from the wavelength of the first absorption peak.36 The

decrease in the effective radius of PbSe QD cores by 0.3 to

0.5 nm over a period of 1 to 2 months as revealed by the

OAS spectra is close to what was observed in previous stud-

ies on �6 nm diameter PbSe QDs stored in solution under

ambient conditions and application of vigorous stirring.11

Figure 4(a) shows the corresponding evolution of 1D-

ACAR ratio curves of PbSe QDs treated with EDA, for dif-

ferent periods of air exposure. The oxidation of PbSe QDs

after 24 days leads to an increase in the confinement peak

near 1 a.u. due to the decrease in effective size of the core

PbSe QDs by the oxidation, which enhances the confinement

of the Se(4p) valence electrons and also reduces the elec-

tronic coupling between QDs. Interestingly, the increased

fraction of oxygen atoms present at the surfaces of PbSe

QDs by surface oxidation yields a pronounced increase in in-

tensity for p> 2 a.u. due to the contribution of O(1s) elec-

trons to the momentum density. Notably, the strongest

increase in the momentum density in the range of 2–2.5 a.u.

is seen already after the first period of exposure in air of 24

FIG. 3. (a) Evolution of absorption spectra of a PbSe QD film treated with

EDA upon exposure to air at room temperature; (b) Evolution of the effec-

tive PbSe core size of the QDs. Solid line serves as a guide-to-the-eye.

081602-3 Shi et al. Appl. Phys. Lett. 108, 081602 (2016)
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days (Figure 4), while the oxide shell continues to grow

afterwards, as revealed by the continued shift towards shorter

wavelengths of the OAS spectra (Figure 3). The intensity ra-

tio to bulk PbSe in the momentum range of 2–2.5 a.u.

(Figure 4(b)), in contrast, indicates a saturation in the high

momentum intensity for the longer air exposure times of 61

and 90 days. This can be understood since the positron

mostly probes the outermost atomic layers of the QD, i.e.,

the outer surface region of the oxidized shell, likely consist-

ing of PbO, SeO2, and PbSeO3 formed at the surface of the

QD.10 Small differences in intensity at high momenta over

24–90 days can be caused by a variation in binding energy

and distance of the positron from the surface, since the image

potential will reduce in strength due to the more insulating

character of the surface with the growth of an oxide layer.37

The transformation of the surface by the oxidation process

thus seems to saturate sooner than the continued growth of

the oxidized shell below the surface, as monitored by the first

absorption peak in the OAS, which provides a sensitive mea-

sure of the size of the non-oxidized PbSe cores of the QDs.

A decrease in the effective PbSe core size revealed by the

OAS is consistent with the observed (small) increase in the

confinement peak in the 1D-ACAR ratio curves, while the

intensity of the ratio curves for p> 2 a.u. provides comple-

mentary information on the local oxygen fraction formed at

the outer surface of the PbSe QDs during the oxidation pro-

cess. These results demonstrate that positron annihilation

methods can be sensitively applied to probe the oxidation at

the surfaces of colloidal QDs, and indicate more generally

that surface chemical transformations can be monitored. A

more quantitative determination of the surface chemical

composition requires details of shape of the positron wave

function at the surface of the QD and its overlap with the

(local) electronic orbitals, and the development of appro-

priate ab-initio methods for this purpose is needed.

In summary, our study demonstrates that positrons are

effective in probing the composition of the surfaces of

reduced dimensional systems such as the PbSe QDs. By ena-

bling the advanced characterization of the attached ligand

molecules, our method can facilitate the optimization of effi-

cient charge carrier transport in optoelectronic devices by

introducing descriptors based on positron annihilation char-

acteristics. Our study further demonstrates that positron

methods38 can be used to sensitively monitor oxidation proc-

esses at the surfaces of colloidal nanocrystals. Thin film posi-

tron methods thus hold promise as a surface characterization

technique for colloidal semiconductor QDs in functional

layers used to develop (opto-)electronic devices including

thin film solar cells, light-emitting diodes, and field effect

transistors. Positron techniques will thus provide key insights

into chemical transformations at the surfaces of QDs and aid

their development by surface chemical engineering strategies

of innovative core-shell structures required for stabilization

against oxidation under ambient conditions. Finally, our

study shows that the electron momentum density of PbSe

QDs is strongly affected by electronic coupling between the

neighbouring QDs induced by the use of small EDA mole-

cules, related to short interparticle distances and induced

neck formation between neighboring QDs. Such a coupling

is very important to achieve favorable charge carrier mobil-

ity and enhanced photoconductivity of PbSe QD layers for

prospective application in next generation photovoltaic devi-

ces. The depth-profiling capability of the positron method

can provide a potential in-situ tool for probing light absorb-

ing and charge separation layers as well as the p-n junction

interface region independently, which is important for realiz-

ing substantial improvement in solar cell efficiencies.
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