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Abstract. The surfaces of luminescent InP nanocrystals were investigated by photoelectron spectroscopy
(PES) technique with synchrotron radiation. Semiconductor samples were prepared by an organometal-
lic approach using trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO) as stabilizing and size
regulating agents. As prepared, InP nanocrystals exhibit poor photoluminescence (PL) yield, usually less
than 1%. However the yield can be drastically enhanced to about 20−30% by photoetching of the nanopar-
ticle surface with fluorine compounds. High resolution In 3d and P 2p core level spectra of etched and
non-etched particles taken at different excitation energy reveal changes of the nanocrystal surface. Three
different InP samples are analyzed and a simple model for the etching process is discussed.

PACS. 79.60.Jv Interfaces; heterostructures; nanostructures – 78.55.Cr III-V semiconductors

1 Introduction

Colloidally prepared semiconductor nanocrystals show a
very successful way of producing new materials with size
dependent electronic and optical properties [1]. Modifica-
tion of the surface can dramatically increase nanocrystal
luminescence, which combined with the band-gap size de-
pendencies leading to new technologies such as nanocrys-
tal optical displays, lasers and biological labeling. Surface
passivation with ligand chains is essential for the stabil-
ity of such II-VI and III-V systems. It would be useful to
clarify the chemical nature of the surface states in order
to improve the photoluminescence yield for further nanos-
tructure applications.

While II-VI semiconductor nanocrystals were inten-
sively studied during the last decade, less information is
available for their III-V analogue systems. One reason is
that III-V semiconductors are more covalent compounds
and high temperatures are usually required for their syn-
thesis. Only a limited number of papers discussing the
synthesis and characterization of InP [2–5], GaP [6] and
InAs [7,8] nanocrystals appeared in the last years. The
strong interest for III-V compounds arises from the expec-
tations that these materials may exhibit even more pro-
nounced quantum size effects than II-VI systems. Thus,
III-V materials usually have relatively covalent bonding
and direct band gap structure, larger bulk exciton radii
and smaller effective masses that makes them promis-
ing candidates for various optoelectronic devices. Another
important aspects are so-called “green chemical princi-
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ples” dominating the last years chemistry and it is based
on the development of environmentally friendly chemical
methodologies and materials [9]. From this point of view
III-V compounds like InP are more attractive than the
cadmium-related II-VI ones.

A point of special interest is the fabrication of highly
luminescent nanocrystals. Therefore the particle surface
has to be passivated, i.e. surface dangling bonds which
give rise to non-radiative recombination have to be satu-
rated for example by organic ligands. In case of InP effi-
cient passivation of the surface requires special treatments.
One possibility is etching with certain fluorine compounds.

In this work, we use PES with synchrotron radiation
to study InP nanocrystals and their etching with HF with
the aim of establishing which chemical bonds exist at the
surface and to obtain a better understanding of the etching
process. This technique is ideal for acquiring a qualitative
understanding of the nanocrystal surface and by recording
P 2p and In 3d core level spectra across a wide range of
excitation photon energies we vary the surface sensitivity
in our experiment so that variations in the spectra may
be identified with surface chemical environments. Conclu-
sions on the degree of surface disorder may be drawn from
a large broadening of the surface core-level components
relative to the core-level components associated with the
interior atoms.

2 Experiment

PES experiments were performed on beamline BW3 of the
DORIS III storage ring at HASYLAB/DESY in Hamburg,
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Germany. Photoelectron spectra were recorded with an
Omicron EA125 hemispherical energy analyzer with nor-
mal emission mode and the sample holder was oriented at
45◦ with respect to the synchrotron light.

Size selected InP nanocrystals were prepared by a stan-
dard method resulting “pure” nanocrystals [2,10]. Size de-
termination was done using TEM techniques and optical
absorbtion spectra relate the band gap value with the size
of the particle using a semi-empirical formula [1]. Those
samples have poor photoluminescence efficiency and have
to be preserve in protective atmosphere (nitrogen and a
dark room) before further treatment.

Sample no. 1 (InP methwash) is the result of wash-
ing twice “pure” InP nanocrystals with a solution of
toluene:methanol (1:5). The aim of this treatment was to
remove the undesirable reaction products that can appear
during the synthesis. There are no improvements in the
PL yield (0.05%).

Exposure to air and light for many hours conducts to
sample no. 2 (InP oxidized).The PL efficiency was slightly
increasing but luminescence yield is still low, less than 1%.

A dramatic increase in the photoluminescence yield,
more than 20%, occurs after etching the nanoparti-
cles with HF solution under air and illumination condi-
tions [11–13]. Sample no. 3 (InP etched) is a very good
candidate for further improvements of the InP nanocrys-
tal optical properties (up to 40% efficiency).

All three samples were deposited from solution on Au
films in an N2 atmosphere and transported to the experi-
ment in sealed flasks. The samples were introduced via a
fast entry lock into the UHV experimental chamber.

The kinetic energy recorded for P 2p and In 3d peaks
is in the 40−450 eV range. Core-level spectra were fitted
to the minimum number of Voigt doublet functions using
a complex optimization routine after polynomial+Shirley
background subtraction. The spin-orbit splitting value of
0.86 ± 0.01 eV was used for all components in the P 2p
spectra. This value is in agreement with similar data char-
acterizing the spin-orbit spitting effect for InP bulk sam-
ples [14,15].

A total instrumental resolution of 240 meV was used
for recording high resolution photoelectron spectra of P
2p in the range of 175−578 eV excitation energy. In the
high excitation energy range the resolution was allowed to
decrease slightly in order to ensure a high count rate in
recording the In 3d data.

3 Results and discussion

Figure 1 shows P 2p core-level spectra recorded through
a photon-energy range of 175−768 eV with normalized
experimental intensities. Good data fits were possible
only with three components for each spectrum with a
Lorentzian broadening value of 0.17 eV. Components s1

and s2 decrease in relative intensity as the excitation pho-
ton energy and subsequence the kinetic energy for photo-
electrons increase. These components are, therefore, iden-
tified with atoms having a distinct surface environment in
the nanocrystal and the component b is due to P atoms in

Fig. 1. P 2p core-
level photoemission
spectra of sample
no. 1. Component b
is due to atoms
in the volume of
nanocrystals and s1

and s2 are surface
core-level shifts.

the interior of the nanocrystal volume. Spin-orbit splitting
is well resolved in the case of the bulk component b, in-
dicating a high degree of crystallinity inside the nanopar-
ticles and relatively broad surface core-level components
s1 and s2 are evidence for a large degree of bond length
and angle variation at the surface. In this size range up to
30% of the nanocrystal atoms are located on the surface.

Component s1, shifted by an average value of 1.11 eV
to lower kinetic energy with respect to the bulk compo-
nent b reflects the signal form TOP phosphorus atoms
bonding In rich sites at the nanoparticle surface. P dan-
gling bonds located at the surface can contribute to s1

signal.
The P 2p s2 component indicates a clear P–O

bond [16]. An average shift of 3.61 eV relative to the
bulk component originates from the phosphorus atoms
in TOPO used during the preparation process. Previous
studies on bulk InP (110) surfaces showed a rather compli-
cate oxidation process with different chemical structures
for phosphorus oxides [17–23]. Signal from an early stage
oxidation of clean P surface sites during the sample ma-
nipulation and transfer in the UHV chamber (up to 3 min)
might contribute to the s2 component [24].

Dramatic change of the nanocrystal surface occurs af-
ter exposure to oxygen. Figure 2 presents a significant
increase in intensity for the surface component s2 rela-
tive to s1. Sample no. 2 presents also a slight increase
of the chemical shifts for the surface species. An aver-
age of 1.27 eV and 4.27 eV chemical shift relative to the
bulk component for the s1 and s2 peaks respectively re-
sulted after the fitting procedure. One explanation for
the higher shift in binding energy in case of the s2 con-
tribution is the strong oxidation process resulting after
long exposure to air and light (more than 24 h). New
P–O bonds with higher binding energy result after the
surface reconstruction and P dangling bonds are reduced
(passivated) causing also a shift towards lower kinetic en-
ergy for component s1.
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Fig. 2. P 2p signal
from sample no. 2.
There are impor-
tant variations in
intensity for the s1

and s2 surface con-
tributions due to
exposure to air.

Fig. 3. In case of
InP sample no. 3
there is an evi-
dence for a third
surface component
s3 due to the etch-
ing treatment.

For both previous samples the room temperature
quantum efficiency is still very low. This is the result
of non-adequate passivation of the nanocrystal surface.
The dangling bonds may act as traps for the photogener-
ated carriers and can provide non-radiative recombination
pathways.

Post-preparative modification of the particle surface
provide a way to eliminate those undesirable trap sites. A
recent method implying the treatment of InP nanocrystals
with HF solution results in a strong band edge lumines-
cence. Figure 3 presents the P 2p core-level spectra after
the etching procedure with HF. In addition to surface com-
ponents s1 and s2 discussed before, a new feature, the s3

component appears indicating the presence of F atoms on
the nanocrystal surface. There are also changes in relative
intensity for the other two surface contributions, increas-

Fig. 4. s2/s1 intensity
ratios of InP nanocrystal
samples at different excita-
tion energies.

ing and decreasing for s2 and s1 respectively. It might be
possible that HF removes P atoms with surface dangling
bonds that are not well passivated with organic ligands.
Once such atoms are removed, the remaining site, reach
in In, can be capped with TOPO ligands and also with
fluorine. Better surface passivation results in a drastic in-
crease of the photoluminescence quantum yield.

The evolution of the s2/s1 ratios for all three sam-
ples versus excitation energy are plotted in Figure 4. For
all three samples the s2/s1 ratios show only small varia-
tion once the excitation energy takes different values. This
result is in agreement with the assumption that compo-
nents s1 and s2 represent signal from genuine surface en-
vironments. Instead, there are strong ratio variations in
case of different treatments and increasing in s2/s1 ratio
has a direct but nonlinear response in the improving of PL
efficiency. The nonlinear response in the PL yield could be
explained by the fact that generally, already few unpassi-
vated surface sites can lead to poor PL properties. A very
good passivation of the nanocrystal surface results in a
huge increase of the PL yield.

The HF treatment in presence of light activates a
chemical reaction that removes unpassivated P sites (dan-
gling bonds) from the nanocrystals surfaces. Once those
atoms are removed, the resulting environment is capped
with TOPO ligands or fluorine. This would also explain
high P 2p s2/s1 ratios after the etching treatment.

The In 3d5/2 spectra are more difficult to fit using a
standard procedure because of the decreasing instrumen-
tal resolution due to the necessity of using high excitation
energy combined with the low count rate. There is also
the “physical” aspect-small chemical shifts in case of sur-
face oxidation or HF etching treatment for In sites. One
approach in case of In 3d investigation might be simply
to overlap intensity normalized spectra of two different
samples (methwash and etched) irradiated with the same
photon energy. Figure 5 shows for the surface sensitive
regime (50 to 60 eV kinetic energy) a much broader In
3d5/2 spectrum for the etched InP sample relative to the
methanol-wash one. Sharper feature in case of the sam-
ple washed with methanol (sample no. 1) results from the
important presence of the TOP ligands at the nanocrys-
tals surface and possible bonds with In surface atoms
(In–P bonds) creating a bulk InP like signal in the spec-
trum. Only In–O bonds (mainly with TOPO ligands)
and free In atoms at the surface might contribute to the
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Fig. 5. In 3d5/2

core-level spectra
for samples no. 1
and 3.

experimental broadening but the number of these sites is
limited as shown by the previous P 2p data. According
to In core-level studies on InP (110) clean and oxidized
surface the chemical shifts value in those cases should be
about 0.32 ± 0.04 and 1.1 ± 0.4 eV to lower kinetic en-
ergy respectively [14,15,17,23]. The same hypotheses can
be applied in case of etched sample (sample no. 3). Now
the bulk like signal is reduced due to decreasing presence
of TOP molecule on the InP nanoparticle surface. On the
other hand the surface oxidation is more intense and to-
gether with In–F bonds increase the broadening for In 3d
peaks. It should be noticed once again the good agreement
with the P 2p results.

For a more bulk sensitive regime (365−380 eV KE)
the broadening for the both sample decreases due to the
enhanced contribution of bulk atoms at the photoelectron
yield.

4 Summary

In spite of the large degree of structural disorder at the
surface it is possible to give a general description of the
chemical bonds that are present on the top most layer of
nanocrystals. There is a direct relation between the inten-
sity ratios for the surface sites s1 and s2 of P 2p spec-
tra and the PL efficiency. When the intensity of the s1

component associated with P in TOP and with surface P
atoms having dangling bonds is reduced in favor of the
component s2 corresponding to P in TOPO, the photolu-
minescence quantum yield increases. Our results indicate
that the HF treatment removes the unpassivated P sites
simultaneously with a significant enhancement of TOPO
ligands present at the particle surface. The reduction of
dangling bonds and the improved surface passivation sup-
press non-radiative recombination in favor of high photo-
lumine sequence. Recent results reveal up to 40% photo-
luminescence quantum efficiency for some of InP etched

nanocrystals. Additional experiments are required to ob-
tain reproducible high luminescence results and to a better
understanding of photoetching process.
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