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Abstract

The fabrication of thin films of colloidal semiconductor nanocrystals is
attracting much attention due to their exceptional optoelectronic properties.
This requires the development of new methods for depositing nanocrystals
under well-controlled conditions. Here, we report the use of the pulse injection
method to deposit CdSe nanocrystals under ultrahigh vacuum (UHV) on clean
and well-ordered surfaces. The deposition of nanocrystals has been tested
by x-ray photoelectron spectroscopy (XPS) and near edge x-ray absorption fine
structure spectroscopy. Special attention has been paid to the preparation of very
pure solutions of CdSe nanocrystals using cadmium stearate, trioctylphosphine
oxide (TOPO) and the TOP/Se adduct for the nanocrystals synthesis followed
by dissolution in pentane. It has been found that CdSe nanocrystals adsorb
with similar sticking coefficients on graphite, hydrogenated silicon (100) and
hydrogenated diamond (100) surfaces. Furthermore, the XPS analysis has
revealed that the surface of the CdSe nanocrystal is Cd rich, which has important
consequences for the optical and chemical properties. This ability to deposit
semiconductor nanocrystals under UHV conditions on clean and well-ordered
surfaces opens up new perspectives for studying in a reliable manner all their
chemical, electronic and optical properties.

1. Introduction

Semiconductor nanocrystals prepared by colloidal synthesis exhibit a number of interesting
properties for building electronic [1] and optical [2—-10] devices. Extensive experimental [11—
16] and theoretical work [17] has been done in particular on the electronic transport properties
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of double-barrier tunnel junctions formed by a single colloidal nanocrystal between the
tip of a scanning tunnelling microscope (STM) and a surface. However, this electronic
transport depends crucially on the electronic coupling between the nanocrystal and the
surface. Therefore, the electronic and chemical properties of the surface need to be very
well defined, thus requiring deposition of the nanocrystal on clean and well-ordered surfaces.
In previous studies using organic solutions of nanocrystals, a drop of the liquid was deposited
at ambient conditions onto the surface [11-14], or the surface itself was immersed in the
solution [15]. Other studies have used electrodeposition [15, 16], with the substrate immersed
in the electrolyte. In all these studies, the surfaces have been in prolonged contact with the
solution, resulting in dirty and disordered surfaces.

Here, we present a new method for nanocrystal deposition under ultrahigh vacuum (UHV)
conditions on clean and well-ordered surfaces. An important prerequisite for such nanocrystal
deposition in a clean and well-controlled environment is to prepare very pure solutions of
nanocrystals to prevent co-deposition of any chemical contaminant. In the first part, we
will describe a modified synthesis method required for the preparation of the pure solutions
of CdSe nanocrystals. In a second part, we will describe the pulse injection method for
nanocrystal deposition. This method has been previously used to deposit biological molecules
on Cu(111) [18, 19] and carbon nanotubes on H-terminated Si(100) surfaces [20]. We
will show that this method can be applied to deposit nanocrystals under UHV conditions
on clean highly oriented pyrolytic graphite (HOPG) and hydrogenated Si(100) and C(100)
surfaces. Semiconducting surfaces (Si(100)), and in particular wide band gap semiconductor
surfaces (C(100)), are of particular importance for exploiting the optoelectronic properties of
nano-objects [21]. The deposited nanocrystals have been analysed by x-ray photoelectron
spectroscopy (XPS) and near edge x-ray absorption fine structure (NEXAFS) spectroscopy. It
has been shown that the nanocrystals have similar sticking coefficients on the three surfaces
studied. In the case of nanocrystals deposited on a graphite surface, a detailed analysis
of the XPS spectra, involving analytically calculated attenuation factors, has enabled the
chemical composition to be deduced, i.e. the relative number of Cd and Se atoms, for the
nanocrystal surface. This relative number has very important consequences on the optical and
chemical [22, 23] properties of the nanocrystals.

2. Experimental details

2.1. Synthesis and characterization of semiconductor nanocrystals

Although the synthesis of high quality CdSe semiconductor nanocrystals is now well described
in the literature [24-26], we have modified the existing synthesis procedures in order to meet
the specific requirements of our experiment. Indeed, even trace amounts of contaminants
along with nanocrystals in the solution may contaminate the surface and modify its electronic
properties. This prompted us to re-examine the existing synthesis procedures, keeping in mind
the purification of the nanocrystal solution rather than the monodispersity of the nanocrystals.

The well-known ‘cadmium salt’ method [25, 26] has been chosen as a starting point, due
to the accessibility of the reagents, and the quality of the resulting nanocrystals. Our initial
attempts with phosphonic acids [25-27] were unsuccessful. Although good optical quality
nanocrystals were obtained in this latter case, the complete removal of unreacted phosphonic
acids and/or cadmium phosphonate proved to be very difficult. Subsequently, the growth
of 3 nm diameter CdSe nanocrystals starting from cadmium acetate as a precursor proved
to be quite difficult to control. With cadmium salts such as stearates or phosphonates as
the cadmium source, it has been shown that long chain primary or secondary amines have a
beneficial effect on the growth and the size distribution of the nanocrystals [28]. Unfortunately,
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Figure 1. Room temperature FTIR spectra: (a) TOPO dispersed in KBr; bands 1 and 2 are
associated with the C—H stretch, and band 3 with the P—O stretch; (b) CdSe nanocrystals dispersed
in KBr; bands 4, 5 and 6 are associated with the P=0 stretch and band 7 with the P-Se stretch.

although high quality nanocrystals were obtained, these amines proved to be quite difficult to
remove completely from the solutions and reduction in the fluorescence of the nanocrystals
was observed. These reagents were thus not used for our synthesis.

The synthesis procedure that we have chosen (see appendix A for details) involves
cadmium stearate (synthesized from stearic acid and cadmium oxide), trioctylphosphine oxide
(TOPO) and the trioctylphosphine (TOP)/Se adduct (plus toluene) as reagents. In order to
control the growth of the nanocrystals, the concentration of the reagents has been decreased
compared to the amine-based procedures. Although the growth of the nanocrystals is fast, 3 nm
nanocrystals have been reproducibly obtained and easily purified. The purity of the nanocrystal
solution has been checked by means of nuclear magnetic resonance (NMR), using a Bruker AC
250 spectrometer, and by Fourier transform infra-red (FTIR) spectroscopy, with a Perkin-Elmer
FTIR-1000 spectrometer. In the latter case, the expected C—H bands and three different groups
of P=0 bands are observed (see figure 1) indicating the presence of at least three different
coordination sites of the TOPO ligands on the surface of the nanocrystals. A comparison with
the FTIR spectra of nanocrystals obtained by the dimethylcadmium method [29], where only
two P=0 bands are observed, shows that some differences may exist between the surfaces of
nanocrystals synthesized according to different procedures. From the examination of these
P=0 bands, no free TOPO ligand is observed. This is confirmed by a test experiment where
increasing amounts of TOPO are added to the nanocrystal powder (see figure 2) resulting in the
appearance of the very sharp 1145 cm~! band in the FTIR spectrum characteristic of unbound
TOPO ligands. FTIR spectroscopy also shows the absence of the characteristic bands of the
starting products stearic acid and cadmium stearate at 1702 and 1540 cm™! respectively [30]. A
broad band is also observed at 560 cm~ (figure 1). This band (not observed in the FTIR spectra
of pure TOPO) is assigned to the P=Se bond>. FTIR spectroscopy thus directly confirms the
presence of TOPSe ligands on the surface of the crystals. NMR spectroscopy also confirms
the absence of free ligands in solution, as the sharp bands associated with free TOPO are not
observed [31].

5 Tt should be noted that in the case of phosphonic acid-based synthesis, the presence of unreacted acid or cadmium
phosphonates is difficult to control, due to the strong overlapping with the P=0 bonds of TOPO ligands bonded to
the surface of the nanocrystals.
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Figure 2. Room temperature FTIR spectra: (a) nanocrystals dispersed in KBr; ((b) and (c))
nanocrystals dispersed in KBr upon addition of increasing amounts of TOPO.
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Figure 3. Room temperature absorption and photoluminescence spectra of the CdSe nanocrystals
used in the pulse injection deposition. The nanocrystals are dispersed in heptane and the excitation
wavelength of the luminescence is 340 nm.

The nanocrystals have also been characterized via their absorption and photoluminescence
spectra (see figure 3) after dispersion in hexane. The main band at 517 nm indicates an average
diameter of about 3.0 nm [24]. The shape and width of the absorption and photoluminescence
bands indicate that the monodispersity of our synthesized NC is comparable to the one in [24].

2.2. Deposition methods

We have tested two separate methods for depositing the semiconductor nanocrystals on surfaces
under ultrahigh vacuum (UHV) conditions.

The first method is the so-called ‘filament method” which has been previously applied for
the deposition on surfaces of large organic molecules [32]. In this method, a tungsten filament,
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on which a droplet of toluene solution containing the nanocrystals has been deposited, is
introduced in the UHV chamber and placed in front of the surface. The filament is heated to
evaporate the nanocrystals and cause them to adsorb on the surface. This ‘filament method’
differs from standard evaporation methods using evaporation cells in that here, the heating of
the filament can be pulsed, thus increasing the evaporation of the chemical products relative
to their dissociation [33].

The second method is the pulse injection method, which has been previously used for
depositing biological molecules [17, 18] and carbon nanotubes on surfaces [19, 20]. A
solution of nanocrystals in pentane is introduced through an electromechanical valve, which
is connected to the UHV chamber. The initial pressure in the UHV chamber is lower
than 3 x 107!° mbar. The sample is placed in a horizontal position 1 cm below the pulse
valve. The valve is opened for a short time, typically 5 ms, so a droplet of a solution of pentane
containing the nanocrystals is introduced in the UHV chamber. During the pulse opening of
the valve, the pressure rises to 1 x 10~ mbar and recovers within 30 s. This ensures that
the exposure of the surface to pentane will be relatively low (about 10~ L). If the surface,
as is the case here with HOPG, hydrogenated Si(100) and hydrogenated C(100) surfaces, is
non-reactive to pentane, there will be no effect of the pentane exposure on the surface. It
follows that the surface will behave exactly as if it was kept under ultrahigh vacuum conditions
throughout the experiment.

2.3. Core electron spectroscopy

Core electron spectroscopy experiments have been performed by using either an x-ray source
or the synchrotron radiation source, SuperACO, in Orsay. In this latter case, near edge x-ray
absorption fine structure (NEXAFS) studies around the C 1s level have also been performed.
While core electron spectroscopy has enabled the detection of the atomic species present on the
surface after nanocrystal deposition, NEXAFS studies have been used to evidence the presence
of the carbon chains on graphite and diamond.

The UHV experimental set-up for sample preparation and photoelectron analysis has been
described elsewhere [34]. Preliminary studies on a polycrystalline CdSe sample have been
performed to determine the optimum photon energy (600 eV) for detection of photoelectron
signals from the 4d and 3d core levels of Cd and the 3d and 3p core levels of Se. In all these
studies, the photon beam impinges at a grazing angle of 63.5° onto the sample in order to
further improve the surface sensitivity. Detected photoelectrons are emitted at 26.5° from the
normal of the sample. The energy window of the electron analyser is 70 eV for photoemission
studies and 100 eV for NEXAFS studies. The overall resolution of the photoemission bands
is 3 eV. The photon energy has been calibrated using the C 1s photoemission band at 284.5 eV
(283.5 eV) in the case of the graphite (diamond) surface and the Si 2p photoemission band
at 99.6 eV in the case of the silicon surface [35]. NEXAFS experiments around the C 1s
excitation threshold have been recorded in the partial electron yield mode, by detecting Auger
electrons of 243 eV [37]. In the case of graphite, NEXAFS spectra around the C 1s absorption
threshold have been calibrated by setting the observed C(1s) 7* resonance at 285.5 eV [36].
In the case of hydrogenated diamond, NEXAFS spectra have been calibrated using the second
absolute band gap of diamond at 302.4 eV [38].

3. Results

3.1. Deposition by the filament method

For this first experiment, we have used nanocrystals synthesized by Reiss et al [27] in a
mixed solvent containing TOPO and hexadecylamine without any specific purification. In
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Table 1. Photoemission band intensities, using an Al Ko x-ray source, from a graphite surface
after (a) deposition of a drop of a nanocrystal solution in air, (b) evaporating a nanocrystal solution
under vacuum by using the filament method and (c) evaporating a TOPO solution under vacuum
by using the filament method. The nanocrystals used in this study have been synthesized according
to Reiss et al [27].

Peak surface

XPS peak a b c

Cls 3968.6  4468.6  2485.6
O ls 170.7 202.8 218.0
N s 14.0 18.6 0
P2p 134.8 137.0 100.3
Cd 3ds)2 236.7 0 0
Se 3d 43.2 14.3 0

order to check that the x-ray photoelectron spectroscopy (XPS) was working properly, we
have deposited in air a droplet of the heptane solution containing the nanocrystals on a clean
HOPG surface. The XPS analysis using an Al Ko x-ray source revealed the presence of all
the nanocrystal chemical constituents, i.e. Cd, Se, P, N and O. The intensities of the most
intense photoemission bands are reported in table 1. Then, we evaporated, in UHV, the same
nanocrystal solution on a HOPG surface by using the filament method. The XPS analysis of
the deposit revealed essentially P and O (see table 1). No noticeable signal from Se and Cd
could be detected. This indicates that only the TOPO ligands that have been desorbed from
the nanocrystals are deposited on the surface. To check this hypothesis, we deposited using
the filament method a toluene solution containing only TOPO molecules. The XPS analysis
of this TOPO molecule deposition as shown in table 1 is very similar to that obtained with the
solution containing the nanocrystals. These results clearly demonstrate that the nanocrystals
cannot be deposited on a HOPG surface by evaporation under UHV conditions even when
using the filament method, which seemed a priori the most suitable method.

3.2. Deposition of nanocrystals by pulse injection

Here, we present the results of the nanocrystal deposition by the pulse injection method
under UHV conditions on three different surfaces, i.e. HOPG, hydrogenated Si(100) and
hydrogenated C(100) surfaces. In these experiments, we have used the nanocrystals
synthesized and purified as described in section 2.1 and appendix A. The nanocrystal powder
has been dissolved in pentane, which is expected to have a low chemical reactivity with the
surfaces studied and to evaporate rapidly. XPS and NEXAFS analysis have been performed by
using the monochromatized synchrotron radiation of Super-ACO in Orsay as a photon source
of variable energy in the 150-1000 eV range.

3.2.1. Deposition of nanocrystals on graphite surfaces. The XPS spectra of the HOPG
surface after the injection of 120 pulses of the nanocrystal solution under UHV are reported
in figures 4(a) and (b). The photoemission bands associated with the Cd 4d, Cd 3ds,,, Cd
3d3/2, Se 3d, Se 3pi,2, Se 3p3s2, P 2p and P 2s core levels [35] are clearly seen. Moreover,
Auger electrons from Cd at 379 and 385 eV kinetic energies and Auger electrons from O
at 510, 489 and 473 eV kinetic energies [36] are also detected. These observations are a
first indication that the nanocrystals have been properly deposited on the surface under UHV
conditions. Information on the carbon chains of the ligands has been obtained by comparing
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Figure 4. XPS spectra of the graphite surface after injection of 120 pulses of a CdSe nanocrystal
solution in pentane under UHV. The Oy, O,, Cd; and Cd, bands are associated with the Auger
electrons of oxygen and cadmium. The photon energy is 600 eV. The angle between the photon
beam and the normal of the sample is 71.5°. The binding energy extends up to 440 eV (a) and
230 eV (b).
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Figure 5. NEXAFS spectra of the graphite surface (a) before and (b) after injection of 120 pulses
of the CdSe nanocrystal solution in pentane under UHV. The energy of the electron analyser is set
up at 243 eV and the pass energy is 100 eV. The photon beam impinges at 71.5° onto the sample.
The spectra have been normalized to the same photon flux. Feature 1 is the photoemission band
associated with the 3d core levels of Se.

the NEXAFS spectra around the C 1s absorption threshold before and after the nanocrystal
deposition (see figures 5(a) and (b)). The NEXAFS spectrum of the clean graphite surface
shows the intense 1s 7* resonance at 285.5 eV [37]. After the deposition, the intensity of
this feature decreases, while a feature at 287.8 eV [38], which characterizes the alkyl chain of
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the nanocrystal ligands, appears. This indicates that the nanocrystals are deposited with their
ligands by the pulse method.

Quantitative information on the elemental composition of the deposited nanocrystals has
been obtained, from the relative intensities of the Cd 3d, Se 3d and P 2p photoemission bands,
whose photoionization cross-sections at 600 eV are known [39]. The photoelectrons emitted
from the Cd 3d, Se 3d and P 2p core levels have different kinetic energies and therefore different
elastic mean free paths in the CdSe nanocrystals. These mean free paths are smaller than the
diameter of the nanocrystals (d = 3 nm). Therefore, the intensity of each photoemission
band is proportional to the number of emitting atoms weighted by a specific attenuation factor.
Photoelectrons emitted from Cd 3d, Se 3d and P 2p core levels by 600 eV photons have kinetic
energies of 296, 545 and 464 eV. Their elastic mean free paths (1) in a CdSe crystal are 6.5,
12.45 and 11.15 A respectively [401°. For simplicity, let us first assume that the nanocrystal is
a cube of side d. The intensities of the Cd 3d (Se 3d) photoemission bands originating from
one nanocrystal are proportional to the number of Cd (Se) atoms in the cube weighted by an
attenuation factor, A;, which depends on the mean free path and on the size of the cube as
follows:

A d

A1 = d (1 € A).
For a cube with a side of 30 A, one obtains attenuation factors of 0.22 (0.39) for Cd 3d (Se 3d)
photoemission bands. The attenuation factors associated with two superposed nanocrystals
are

A= 2(—e

2=3 d( e ),

that is to say 0.11 (0.21) for the Cd 3d (Se 3d) photoemission bands. It follows that (i) in the
case of multilayers of nanocrystals, nearly 100% of the photoemission signals comes from the
top layer. We emphasize that the nanocrystals may have a non-stoichiometric surface chemical
composition, i.e. the chemical composition of the surface may be different from that of the bulk.
Therefore, we have calculated the attenuation factors As and Ag for surface and bulk atoms
respectively (see appendix B). The intensity of a photoemission band is then proportional to
AsNs + AgpNg, Ns and Ny being the number of surface and bulk atoms.

The measured ratio of the Cd 3d and Se 3d band intensities in the XPS spectrum is 6.4.
From this, we have estimated the Cd:Se stoichiometry in the nanocrystal. The number of Cd
and Se bulk atoms in a spherical nanocrystal (diameter d = 3 nm) has been estimated to be
300 each from the bulk density of solid CdSe (5.66 g cm—>) [41] and the molar masses of Cd
(112 gmol™") and Se (79 g mol~"). It follows that the mean distance, r, between atoms is
about 3 A. The number of surface relative to bulk atoms has been taken as 6 r /d, resulting in
an estimated number of surface atoms of 250. We have calculated the ratio of the Cd 3d and Se
3d photoemission bands as a function of the number of surface Cd atoms (Ns (Cd)), keeping
the total number of surface atoms (Cd plus Se) equal to 250 and the number of bulk Cd and
Se atoms equal to 300 each. The attenuation factors are calculated in appendix B, and the
photoionization cross-sections are those given in [34]. The best fit between the calculated and
the measured Cd 3d to Se 3d ratio of the photoemission bands has been obtained when 74%
of the surface atoms are Cd atoms. This yields a ratio of cadmium to selenium atoms of 1.45.
The surface stoichiometry of CdSe nanocrystals has been previously investigated by different
methods, such as XPS [29] as performed here, 3'P nuclear magnetic resonance [42] and more

6 Values of the inelastic mean free path have been obtained from the electron inelastic mean free path database of the
National Institute of Standards and Technology (NIST). The atomic weight is 191.371, the density 5.66 g cm ™3, the
gap 2.4 eV and the number of valence electrons 18 (12 for Cd and 6 for Se).
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recently the Rutherford backscattering approach [43]. Our finding of an excess of cadmium
atoms on the nanocrystal surface differs from the result of Katari ez al [29] who found equal
amounts of Cd and Se atoms for nanocrystals prepared in TOPO. In our case, nanocrystals are
prepared in TOPO and TOP and our results are in agreement with the >'P nuclear magnetic
resonance study, indicating also an excess of Cd sites relative to Se sites on the nanocrystal
surface and with the recent Rutherford backscattering study [43].

The measured ratio of the P 2p and Se 3d band intensities in the XPS spectrum is 1.1.
We have deduced that the number of P atoms relative to the total number (250) of nanocrystal
surface atoms is about 1.6. This indicates that there exist on the surface some additional TOPO
molecules, which are not bound to the nanocrystals. This is somewhat surprising since the
characteristic bands of the free TOPO molecules are observed neither in the FTIR (see figure 1)
nor in the NMR spectra of the synthesized nanocrystal powder. The observation of an excess
of TOPO molecules on the graphite surface may result from the spontaneous desorption of
TOPO ligands from the nanocrystals in solution [42, 44] and from a higher sticking coefficient
of TOPO molecules as compared to nanocrystals on the graphite surface [45]. For future
experiments, we propose to solve the possible problem associated with the presence of free
TOPO molecules in the nanocrystal solution, either by using very fresh nanocrystal solutions,
where TOPO molecules have no time to desorb from the nanocrystals, or by replacing the
TOPO molecules by more tightly bound ligands [46].

3.2.2. Deposition of NC on the hydrogenated Si(100) surface. ~We will now investigate
the deposition of nanocrystals by the pulse injection method on the hydrogenated silicon
surface, Si(100) 2 x 1:H. It is of particular interest to investigate the deposition of
semiconductor nanocrystals on a semiconductor surface for the future use of such nanocrystals
as optoelectronic nanodevices [7-10]. For example, the fluorescence of nanocrystals is
expected to be quenched rapidly, when deposited on metallic or quasi-metallic surfaces. In
contrast, when deposited on semiconductor surfaces, nanocrystals are expected to display
very efficient fluorescence due to the reduced electronic relaxation of the nanocrystals by the
surface [21]. Here, we have chosen to use the hydrogenated silicon Si(100) surface, since
the hydrogen termination chemically passivates the surface. As a consequence, the solvent
(pentane), which is evaporated in the UHV chamber when depositing a micro-droplet from the
pulse valve, is expected to not react with the hydrogenated surface.

The hydrogenated Si(100) 2 x 1 surface has been prepared as described in [46]. The
XPS spectra of the hydrogenated Si(100) surface before and after the injection of 12 pulses
of the nanocrystal solution under UHV are shown in figures 6(a) and (b). After deposition,
new photoemission bands associated with the Cd 3d, Se 3d, P 2p, P 2s and C 1s core levels
are observed, as well as Auger electrons. The P 2p band is superimposed with a contribution
from bulk silicon and the Se 3p band partly overlaps with the Si 2p bands.

A quantitative comparison with the deposition of nanocrystals on the graphite surface has
been performed. From the relative intensities of the Se 3d photoemission bands in figure 7 (see
the two lower curves), we have deduced that the nanocrystals have a similar sticking coefficient
on graphite and hydrogenated Si(100).

3.2.3. Deposition of NC on the hydrogenated C(100) surface. As a final experiment, we
have deposited nanocrystals by the pulse injection method on a hydrogenated diamond C(100)
surface. Indeed diamond is a wide band gap (5.5 eV) material [47] transparent to visible light.
This offers unique a opportunity for electronically exciting the nanocrystals [20] and exploiting
their fluorescent properties.
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Figure 6. XPS spectra of the hydrogenated Si(100) 2 x 1 surface before (lower curve) and after
(upper curve) injection of 24 pulses of the CdSe nanocrystal solution in pentane under UHV. The
angle between the photon beam and the normal of the sample is 71.5°. The Oy, Cd; and Cd; bands
are associated with the Auger electrons of oxygen and cadmium. The intensity of the XPS spectrum
of the clean surface has been reduced for clarity. The binding energy extends up to 440 eV (a) and
230 eV (b).
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Figure 7. XPS spectra showing the Se 3d band after injection of four pulses of the CdSe nanocrystal
solution in pentane under UHV on graphite (A), hydrogenated Si(100) (®) and hydrogenated
C(100) (M). The spectra have been shifted vertically for clarity. The photon energy is 600 eV.

A semiconducting boron-doped (type II b) natural single-crystal diamond with a polished
(100) surface has been used. Sample preparation and hydrogenation of the C(100) surface
have been described elsewhere [48]. The photoemission spectra at 600 eV of the hydrogenated
diamond surface after the injection of 12 pulses of the nanocrystal solution under UHV are
reported in figures 8(a) and (b). The presence of the Cd 4d, Cd 3d, Se 3d, Se 3p, P 2p and



Ultrahigh vacuum deposition of CdSe nanocrystals on surfaces by pulse injection 7575

L S B S s S s S S ST B S S LA I s s e

(a) C1s CdJ3d (b)

2000
10000

Photoemission signal (counts/s)
T
Il

Photoemission signal (counts/s)

400 0 50 100 150 200
Binding Energy (eV) Binding Energy (eV)

Figure 8. XPS spectra of the hydrogenated C(100) 2 x 1 surface, after injection of 12 pulses of
the CdSe nanocrystal solution in pentane under UHV. The angle between the photon beam and the
normal of the sample is 71.5°. The O, Oz, O3, Cd; and Cd; bands are associated with the Auger
electrons of oxygen and cadmium. The binding energy extends up to 440 eV (a) and 230 eV (b).

P 2s photoemission bands and of the Auger electrons of Cd indicates the adsorption of the
nanocrystals on the hydrogenated diamond surface. The presence of the carbon chain of the
ligands is revealed by the widening of the surface sensitive C 1s photoemission band recorded
with 330 eV photons, and by the increased intensity of the surface resonance at 287.6 eV as
observed in the NEXAFS spectrum (see figure 9).

The Se 3d photoemission bands recorded after four injection pulses on the hydrogenated
Si(100) 2 x 1 and C(100) 2 x 1 surfaces are reported in figure 7. From this comparison, we
deduce that nanocrystals have similar sticking coefficients on the two surfaces.

4. Conclusion

We have demonstrated that CdSe nanocrystals can be deposited on clean and well-ordered
surfaces under ultrahigh vacuum conditions by using the pulse injection method. The sticking
coefficient for the adsorption of CdSe nanocrystals has been found to be similar for the three
surfaces investigated, namely HOPG, hydrogenated Si(100) 2 x 1 and hydrogenated C(100)
2 x 1.

In order to make the purity of the nanocrystal solutions compatible with the cleanliness of
this new method of deposition, very pure solutions of CdSe nanocrystals have been prepared
by a method derived from that of Peng et al [25, 26]. The CdSe nanocrystals studied (3 nm
in diameter) have been found, after XPS analysis, to have a Cd rich surface with 74% Cd and
26% Se, in good agreement with NMR [42] and Rutherford backscattering results [43].

Interestingly, the XPS analysis has revealed a P/Se ratio larger than expected, thus
implying the presence of additional TOPO molecules on the surface. Asa solution for removing
these ‘free’ TOPO molecules, we suggest the use of more tightly bound ligands [46].

In summary, we believe that the ability to deposit semiconductor nanocrystals on clean
and well-ordered surfaces under ultrahigh vacuum conditions opens up exciting perspectives
for investigating their electronic and optical properties with unprecedented reliability.
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Figure 9. NEXAFS spectra of the hydrogenated C(100) surface before (a) and after (b) injection
of 12 pulses of the CdSe nanocrystal solution in pentane under UHV vacuum. The energy of the
electron analyser is set up at 254 eV. The energy window is 100 eV. The photon beam impinges at
71.5° onto the sample. The spectra have been normalized to the same photon flux.
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Appendix A

Cadmium oxide (99.99%), selenium (99.999%), trioctylphosphine oxide (TOPO, technical,
90%) and trioctylphosphine (TOP, technical, 90%) were purchased from Aldrich and used as
received. Octadecylphosphonic acid was purchased from Alpha-Aesar and used as received.
Acetonitrile and toluene were purified by distillation over CaCl, and sodium/benzophenone
respectively. All the synthetic and purification steps are realized under argon (nanocrystal
solutions and solvents are handled by canulation; centrifuging is done in argon-flushed cells).
Elemental selenium is handled in an argon-filled glove box.

The synthesis of 3 nm CdSe nanocrystals was realized according to a modified literature
procedure, as discussed in section 2.1.

First step: synthesis of the selenium precursor.

Se (108 mg, 1.3 mmol), TOP (2 ml) and toluene (1 ml) are added into a Schlenck tube
and kept under argon at 45 °C with vigorous stirring until complete dissolution of selenium
occurs.

Second step: synthesis of the cadmium stearate precursor.

Tech. TOPO (40 g), stearic acid (0.719 g 2.6 mmol) and cadmium oxide (0.163 g 1.3 mmol)
are loaded into a three-neck, round bottomed 250 ml flask fitted with a thermometer, a bubbling
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system and a magnetic stirrer and connected to a vacuum line. The mixture is heated under a
slow argon flow and vigorous stirring, and turns into a deep reddish suspension upon melting
of the TOPO. Traces of oxygen are then removed by vacuum/argon flushing three times. The
solution becomes colourless at 360 °C (complete reaction between cadmium oxide and stearic
acid), and is then cooled to 245 °C.

Third step: growth of the nanocrystals.

The selenium solution is swiftly added to the cadmium stearate precursor at 245 °C. The
temperature immediately drops to about 235 °C, and is kept at this value, while monitoring
the growth of the crystals by UV-visible spectroscopy. After about 6 min, the heating system
is removed, and the temperature decreases to 60 °C. Toluene (20 ml) is transferred under
argon, and the flask is allowed to cool to ambient temperature. Acetonitrile (about 100 ml)
is then slowly transferred under vigorous stirring to precipitate the nanocrystals as a fine
orange suspension. The precipitate is transferred into a centrifuge cell (previously fitted with
a rubber septum and flushed with argon) and centrifuged. The nearly colourless supernatant
is discarded by canulation, and the crystals dissolved in toluene (8 ml) and centrifuged to
remove any insoluble materials. The nanocrystal solution is then transferred into a second
argon-flushed centrifuge cell, precipitated with 10 ml of acetonitrile and centrifuged again.
The crystals are then subjected to three dissolution/precipitation cycles (8 ml toluene/10 ml
acetonitrile respectively), dried under vacuum and stored at —23 °C under argon. The purity
of the nanocrystal powder is checked by FTIR and NMR spectroscopy, and the characteristics
of the nanocrystals in solution by absorption and fluorescence spectroscopy.

Appendix B

The photoelectrons detected from the different Cd (Se) atoms located inside a nanocrystal are
those ejected along the axis of the analyser. As the diameter (d) of the nanocrystals has the
same order of magnitude as the mean free path of the photoelectrons (A), the photoelectrons
contribute to the photoemission band, depending on the distance that they travel across the
nanocrystal. Therefore, the intensity of a photoemission band associated with Cd (Se) bulk
atoms is proportional to the number of Cd (Se) atoms inside the nanocrystal multiplied by an
attenuation factor, Ag. Let us consider the core of a nanocrystal as a sphere of diameter d and,
inside this sphere, let us consider a slice of width dx, perpendicular to the axis of the analyser
and at a distance x from the centre of the sphere. The contribution of photoelectrons has to be
weighted by

ST ( )
rdrexp
d/2 7—x2 r2+x
/ dx/ rdrexp( ):|

After integration, one derives the attenuation factor associated with the bulk atoms, which
depends on the ratio A /d:

s A 3A+6A2 g 12A*(1 __)+9 A3
—)=—+—e 7 — —e ¥
B\d d & d3

ATA\ L. 62 4
+3 d2 ﬁ e "—?(2)\.+d)e 2,

The first three terms are the attenuation factors for atoms located in the upper half of the
sphere of the nanocrystal core and the last three terms are for atoms located in the lower half
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Figure B.1. Attenuation factors, Ag and Ag, of the photoemission bands associated with the core
levels of bulk and surface atoms of a spherical nanocrystal as a function of the ratio A/d. A is the
mean free path of the photoelectrons and d is the diameter of the nanocrystal. The ratio A /d varies
up to 4 (a) and 0.8 (b). In (b), the dotted lines are associated with Cd 3d, P 2p and Se 3d core levels
and 3 nm nanocrystals.

of the sphere. The attenuation factor associated with the bulk atoms is given in figure B.1 as
a function of A/d. As expected, it increases with 1/d. The arrows indicate the attenuation
factors associated with the observed Cd 4d, Cd 3d, Se 3d and Se 3s bands. The Cd (Se) atoms
from the bottom half of the sphere contribute 18% (30%) to the Cd 3d (Se d) photoemission
band.

Let us now consider the Cd (Se) atoms located at the surface of the nanocrystal. Their
contribution to a photoemission band is weighted by the attenuation factor

As (%) — % [1 +3(1 —e—%)]

The attenuation factor associated with the atoms located at the surface of the nanocrystal is
given in figure B.1 as a function of 1 /d.
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