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also named quantum dots (QDs), are

intensely studied due to their unique
optical and electronic properties. Of particu-
lar interest for both basic and applied re-
search are the size-dependent fluorescence
properties of various I|—VI (e.g., CdSe, CdTe),
=V (InP, InAs), IV=VI (PbSe, PbS), and
|=1l1=VI (CulnS,, CulnSe,) semiconductor
NCs. After initial studies in the 1990s, in-
dium phosphide QDs have regained atten-
tion as an alternative to Cd-based NCs dur-
ing the past few years due to the
development of novel chemical synthesis
routes which allow producing high-quality
samples in short reaction times.

As for most other types of QDs, also for
InP, the surface passivation with a larger
band gap semiconductor yielding a core/
shell structure is used to improve their fluo-
rescence quantum yield (QY) and photo-
stability. ZnS with a bulk band gap of 3.6
eV is generally applied as the shell material
for InP NCs, despite its relatively large lattice
mismatch in the cubic zinc blende phase
(7.6%).277 Core/shell InP/ZnS NCs are usu-
ally prepared in a two-step (TS) procedure
at high temperature: (i) synthesis of the InP
core NCs, (ii) overcoating with the ZnS shell.
The QY of InP/ZnS NCs synthesized by the
two-step procedure can reach around
50%.3¢

Recently, we reported a new single-step
(SS) synthesis for InP/ZnS NCs showing even
higher QY (60—70%).° In this method, both
the core (In, P) and the shell (Zn, S) precur-
sors were mixed at room temperature and
then quickly heated to 250—300 °C. We pro-
posed that the InP core NCs started to form
at low temperature (60—80 °C), followed

S emiconductor nanocrystals (NCs),
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ABSTRACT High-energy resolution photoelectron spectroscopy (AE < 200 meV) is used to investigate the

internal structure of semiconductor quantum dots containing low Z-contrast elements. In InP/ZnS core/shell

nanocrystals synthesized using a single-step procedure (core and shell precursors added at the same time), a

homogeneously alloyed InPZnS core structure is evidenced by quantitative analysis of their In3ds/, spectra recorded

at variable excitation energy. When using a two-step method (core InP nanocrystal synthesis followed by

subsequent ZnS shell growth), XPS analysis reveals a graded core/shell interface. We demonstrate the existence

of In—S and S,—In—P;_, bonding states in both types of InP/ZnS nanocrystals, which allows a refined view on

the underlying reaction mechanisms.
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by deposition of the ZnS shell at higher
temperature (230—300 °C) due to the differ-
ence in reactivity of the InP and ZnS precur-
sors. However, ion exchange is an impor-
tant phenomenon occurring at the high
temperatures used for both TS and SS syn-
thesis of few nanometer InP/ZnS NCs, which
could lead to an interfacial alloy layer be-
tween core and shell especially for the two
similar anions P and S. In turn, an alloyed or
graded internal structure of NCs can have a
very important influence on their electronic
and optical properties. A good example is
the blinking suppression observed in al-
loyed core/shell CdZnSe/ZnSe NCs in con-
trast to conventional core/shell CdSe/ZnSe
NCs exhibiting the typical blinking behav-
ior.? The authors suggested that the non-
blinking properties of their CdZnSe/ZnSe
NCs could be attributed to their radially
graded alloy structure. However, without
clear evidence of the internal structure of
the NCs, the physical processes influencing
the emission of light in relation with the NC
structure cannot be unraveled, thus mak-
ing it difficult to further optimize NCs'
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performances through controlled changes of the syn-
thesis conditions. A detailed understanding of the inter-
nal structure of luminescent semiconductor NCs, going
beyond the simple discrimination between a core/shell
and a homogeneous structure and giving access to the
core/shell interface properties, is lacking to date.

The general scheme for the investigation of the NCs’
properties is the combination of optical (e.g., UV—Vvis,
PL) and structural (e.g., XRD, TEM) analyses. Due to the
intrinsically small diameter of the NCs and the low lat-
tice mismatch between core and shell materials, TEM
techniques are very difficult to implement with the pur-
pose to probe the internal structure. Spectroscopic in-
vestigations using the STEM-EELS or STEM-EDS modes
have been successfully used to put into evidence core/
shell structures but fail to provide clear information in
the case of graded structures.® Photoemission tech-
nigues have been used more advantageously by sev-
eral groups to derive the composition information on
heterostructure core/shell NCs. For instance, X-ray photo-
electron spectroscopy (XPS) studies were reported on
CdSe/ZnSe,’ CdSe/ZnS,'® and InP/ZnS’ core/shell NCs as
well as for InAs NCs with various shell materials (InP,
GaAs, CdSe, ZnSe, ZnS)."" In these examples, the ap-
pearance of the XPS signals of the shell material was
used to confirm the existence of core/shell structure.
Other authors evidenced the presence of spherical
core/shell NCs and characterized the shell density by
means of angle-resolved XPS'? or studied quantitatively
the oxidation kinetics of NCs with fixed-angle XPS."
However, since a conventional X-ray source (Al Ka or
Mg Ka) was used in these experiments, the core/shell
interface properties could not be examined due to the
relatively low energy resolution. More importantly, in-
depth studies are not possible with laboratory-based
XPS instrumentation, in which the only parameter that
changes the escape depth is the photoelectron takeoff
angle which remains constant in the case of the typical
spherical geometry of NCs. In contrast to these XPS
studies using an X-ray source of fixed energy, the im-
proved brilliance, high-energy resolution, energy tun-
ability, and surface sensitivity down to a few angstroms
make soft X-ray photoelectron spectroscopy (SXPS)
with synchrotron radiation an attractive tool to charac-
terize core/shell NCs with accurate in-depth resolution.
In this case, the escape depth can be varied easily by
tuning the photon energy.

Borchert et al. first applied this technique to the
INP/ZnS system.'* Several other studies report the use
of SXPS to investigate CdSe/ZnS,'> CdS/HgS/CdS,'¢ and
InAs/CdSe core/shell NCs.'” In the original work of
Borchert et al., the InP core attenuation by the ZnS
shell was deduced from the increase of the core-to-
shell (InP-to-ZnS) intensity ratio with increasing photo-
electron kinetic energy, equivalent to an increase of the
escape depth as the photon energy increases. How-
ever, in all of the above cited works, it was not pos-

sible to probe precisely enough the internal core/shell
structure of the NCs because the energy resolution used
(~300 meV in the best case) did not allow distinguish-
ing subtle differences in the chemical environment
within the heterostructure. Therefore, probing the inter-
nal heterostructure and the core/shell interface in
sub-10 nm NCs still remains a big challenge.

In this article, we present the results of a detailed in-
depth study of InP/ZnS NCs using high-energy resolu-
tion SXPS of the In3d core level, which enables us to un-
ravel their internal structure in a way not previously
demonstrated at such a level of accuracy. The per-
formed compositional analysis benefited from the high
instrumental resolution reaching 122 meV. We investi-
gated two different types of NCs synthesized using the
conventional two-step or the above-mentioned single-
step methods and named as InP/ZnS-TS and InP/ZnS-
SS, respectively. Our study gives insight into the forma-
tion process of these two systems and allows
correlation between their internal structures and opti-
cal properties.

RESULTS AND DISCUSSION

For the chemical state analysis of the internal struc-
ture of the NCs, the In3d core level was considered be-
cause In is the metal element of the NCs’ core; compared
to Zn, the main photoelectric transition has a much lower
binding energy (In3ds;, ~ 445 eV, Zn2ps;, ~ 1022 V),
with a much higher photoionization cross section. Com-
bined with some instrumental issues inherent to the
beamline during the experiment, which was delivering
much lower flux at high photon energy (due to carbon
contamination of the optics) at considerably less overall
energy resolution, all of this was making the acquisition of
meaningful, high-resolution Zn2p signals more difficult
and of considerably less interest for our purpose. For the
acquisition of In3ds,, the photon energy was set succes-
sively at hv = 546, 746, and 986 eV, which yielded increas-
ing escape depth of the In3ds/, photoelectrons due to
the increasing kinetic energy of 100, 300, and 540 eV, re-
spectively. In this way, the sensitivity of the analysis could
be tuned from the shell (lower In3ds/, kinetic energies)
down to the core/shell interface (higher In3ds/, kinetic en-
ergies). The novelty of the present measurements is the
very high energy resolution employed, which is crucial for
discriminating in a reliable way fine changes of the In
chemical state that could be due to a chemically non-
abrupt core/shell interface and the existence of an inter-
mediate shell. The spectral width of the synchrotron soft
X-ray beam was 40—200 meV in the explored energy
range; combined with an analyzer broadening of 110
meV or less in the conditions used, the overall energy
resolution of the analysis was therefore less than 225 meV.
More precisely, the energy resolution was respectively
122,186, and 225 meV at 546, 746, and 986 eV photon en-
ergies, respectively. The C1s peak was used as a refer-
ence for the binding energy scale (284.6 eV).
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sities with photon en-
ergy. For the InP/ZnS-SS
NCs, almost no change is
observed.

We now address the
issue of the assignment
of the three In3ds,
chemical state compo-
nents. The component
at444.4 eV is assigned to
In—P, which is consis-
tent with the reported
value of bulk In—P
(444.5 eV)."® The compo-

Figure 1. TEM image of the InP/ZnS-TS (a) and InP/ZnS-SS (b) NCs. The scale bar corresponds nents at 445.0 and 445.7

to 20 nm. In each case, one NC is highlighted to indicate the diameter.

Figure 1 shows representative TEM images of
InP/ZnS-TS and InP/ZnS-SS NCs, illustrating both the
size and uniformity of the NCs. The diameters of the
InP/ZnS-TS and InP/ZnS-SS NCs have been determined
as 5.1 and 3.6 nm, respectively. It has to be pointed out
that—although larger particles would facilitate our
study—the size of NCs obtained with the single-step
method is limited to 3—4 nm. On the one hand, add-
ing the shell precursors right from the beginning blocks
the core NCs’' growth at early stages of the reaction.
The thickness of the ZnS shell, on the other hand, rap-
idly reaches a plateau due to the relatively low reactiv-
ity of the applied precursors, zinc stearate and dode-
canethiol.®

The In3ds; spectra of the two samples are shown
in Figure 2 and Figure 3. The first striking qualitative re-
sult is the evolution of the core level intensity profile
with photon energy that appears to be very different
for the InP/ZnS-TS and InP/ZnS-SS NCs: in the case of
the InP/ZnS-TS NCs, the In3ds/, line shape varies con-
tinuously as the photon energy (or the In3ds/, photo-
electron escape depth) increases, whereas for the
InP/ZnS-SS NCs, the line shape remains almost un-
changed. This is already a strong indication that the In-
related chemical states are not localized the same way
deep inside the SS- and TS-NCs. In order to go into more
quantitative details, we considered the fitting of the ex-
perimental intensity profiles. The results are displayed
in Figures 2 and 3, while the details of the fitting proce-
dure are supplied in the Supporting Information. The
high-resolution core level In3ds, spectra of both InP/
ZnS-TS (Figure 2) and InP/ZnS-SS (Figure 3) were fitted
in the same manner with three chemical state compo-
nents of similar binding energies (444.4, 445.0, and
445.7 eV). What is first worth noting is that the relative
intensities of the three components behave not the
same way as a function of photon energy between InP/
ZnS-TS and InP/ZnS-SS, which confirms our previous
assumption regarding a different in-depth distribution
of the In-related chemical states: for the InP/ZnS-TS
spectra, we see a strong evolution of the relative inten-
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eV would normally be
considered as InPO and InPO; contributions, respec-
tively, in the case of oxidation of the InP NCs. However,
oxidation is unlikely in the synthesis process used here,
which took place entirely under inert atmosphere with-
out intermediate purification of the core NCs before the
shell growth. No indium oxide was observed in the
powder X-ray diffractogram, which therefore rules out
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Figure 2. Left: High-resolution core level In3ds,, spectra of InP/
ZnS-TS NCs at three kinetic energies of (a) 100, (b) 300, and (c) 540
eV corresponding to three photon energies of 546, 746, and 986 eV,
respectively. The experimental intensity is represented by the gray
solid dots, while the fitted profile is shown as the black line. Right:
Schematic of the InP/ZnS-TS NCs’ internal structure derived from
the high-resolution core level spectra; the attenuation with depth
of the photoemitted In3d signal, plotted for the calculated values of
the inelastic mean free path (0.6, 1.0, 1.5 nm at 100, 300, 540 eV ki-
netic energy, respectively), is superimposed to visualize the change
of the relative contributions to the signal of the interface and the

core as a function of kinetic energy.
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Figure 3. Left: High-resolution core level In3ds/, spectra of InP/
ZnS-SS NCs at three kinetic energies of (a) 100, (b) 300, and (c) 540
eV corresponding to three photon energies of 546, 746, and 986 eV,
respectively. The experimental intensity is represented by the gray
solid dots, while the fitted profile is shown as the black line. Right:
Scheme of the InP/ZnS-SS NCs’ internal structure derived from the
high-resolution spectra, together with the attenuation with depth
of the photoemitted In3d signal, plotted for the calculated values of
the inelastic mean free path (0.6, 1.0, 1.5 nm for 100, 300, 540 eV ki-
netic energy, respectively).

any oxidation event.* Therefore, the components at
445.7 and 445.0 eV were attributed to In—S and
Sy—In—P;_,, respectively. The In—S component at 445.7
eV is consistent with the reported value of 445.5 eV."°
In summary, for InP/ZnS-TS NCs, we observe three
chemical state components assigned to In—P, In—S,
and S,—In—P;_,. This interpretation is also supported
qualitatively by the observed intensities as a function of
photon energy expected for a InP/ZnS core—shell struc-
ture: the In—P-related component is more intense in
bulk-sensitive conditions (hv = 986 eV) but much
weaker relative to the others in surface-sensitive condi-
tions (hv = 546 eV); an opposite behavior is observed
for the more surface-related In—S and S,—In—P;_, com-
ponents. The quantitative analysis presented further
below confirms this. From this first result, we then evi-
dence an interface shell with mixed In—S and
Sy—In—P;_, chemical states between the InP core and
the ZnS shell. The In—S and S,—In—P;_, states are
thought to be formed via S and P anion exchange. lon
exchange generally plays an important role in nano-
materials, such as nanowires,?°~ % nanorods,?* and
nanocrystals.?>~% Indeed, S and P ion exchange has
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been reported to take place even at low temperature
(~60 °C) for a sulfur-passivated surface of bulk InP in the
presence of a (NH,),S solution or H,S gas.'81928-31

In the two-step procedure used here, interdiffusion
of the S and P anions is favored by the high reaction
temperature, which can lead to the complete exchange
of the In—P surface with In—S and formation of an un-
derlying Sy—In—P;_, layer. In contrast to these findings,
in ref 14, the interface between InP and ZnS was as-
sumed to be sharp without any interfacial layer, al-
though, similar to our method, the core/shell structure
was synthesized in a two-step procedure at high tem-
perature (over 200 °C). As discussed above, ion ex-
change is very likely to occur at such high tempera-
tures. Therefore, an alloyed interface layer composed
of In—P, S,—In—P;_,, and In—S components between
the InP core and the ZnS shell is a more suitable
description.

We now assess the relative intensities and changes
of In-related chemical states with depth, as observed
in the spectra of Figures 2 and 3, taking into account
the photoelectron inelastic mean free path A, of the
In3ds/, photoelectrons. The collected In3ds/, signal
originates from In atoms within the NCs. The attenua-
tion of each component depends on the distance of the
photoemitting atom from the surface. By definition,
after a traveling distance to the surface of \,, the sig-
nal is attenuated by a factor 1/e, and therefore, \, is
usually referred to as the escape depth. The organic
ligand shell covering the surface of the NCs is expected
to attenuate the In3d signal; however, it will not change
the line shape of the spectra in Figures 2 and 3. Further-
more, on the basis of previous reports, the surface cov-
erage of the organic layer is estimated to not be higher
than 50%: in the case of CdSe NCs,** the coverage was
determined to be diameter-dependent, varying from
60% in 1.8 nm NCs down to 30% in 6 nm NCs; in the
case of 5.6 nm InP/ZnS NCs, the surface coverage with
organic ligands has been estimated to lie in the range of
25—50%."* Therefore, the detection of the topmost
surface-sensitive signal, emitted by In atoms located be-
low the fraction of the NC surface not covered by
ligands, is possible. The inelastic mean free path A\, is
strongly dependent on the photoelectron kinetic en-
ergy, which enables the observation of highly depth-
resolved chemical changes.

We calculated N, using the TPP-2 M formula based
on bulk densities for InP (4.81 g/cm?) and ZnS (3.98
g/cm?3) and band gaps of InP NCs in the quantum con-
finement regime (1.75 eV for the TS sample, 2.38 eV for
the SS sample) and of bulk ZnS (3.6 eV).3? Value of \;,
is found to be identical in InP and ZnS; therefore, both
TS and SS-NCs behave as a uniform medium consider-
ing the attenuation of the In3d signal, irrespective to
their internal structure. The calculated values for \, are
0.6, 1.0, and 1.5 nm at the three kinetic energies of
100, 300, and 540 eV; \,, is therefore lower than the
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Figure 4. Average intensity ratio of In—P to In—S compo-
nents for INP/ZnS-TS (red) and InP/ZnS-SS (blue) at three
photon energies. The values account for variable fitting condi-
tions regarding the S,—In—P;_,/In=S intensity ratio, which
essentially leaves the evolution of In—P/In—S as a function of
kinetic energy unaffected in both cases. In the case of InP/
ZnS-TS NCs, the In—P/In—S ratio increases from 0.86 over 1.28
to 1.73 with increasing kinetic energy, whereas it remains
nearly constant in the case of InP/ZnS-SS NCs.

NCs radius, which is 1.8 nm for InP/ZnS-SS and 2.55
nm for InP/ZnS-TS NCs. From the calculated values, we
represented for each kinetic energy the exponential sig-
nal attenuation of the In3d signal with depth (right pan-
els of Figures 2 and 3). The origin of the depth scale cor-
responds to the In atoms closest to the NC surface in
each case. Considering first Figure 2, the important
point is that strong changes in the In3ds,, profile shape,
corresponding to changes in chemical composition,
can now be related to different depths from the In
atomic layers in the TS NCs particles (In—S chemical
states at the interface between the InP core and the
ZnS shell). By decreasing the kinetic energy, we clearly
see that the variations in relative intensity of the com-
ponents correspond to the increasing weight of the in-
terface component. In the case of InP/ZnS-SS NCs (Fig-
ure 3), the spectral weight of the chemical states arising
from the outermost In atoms probed at 100 eV kinetic
energy is very different from that of the InP/ZnS-TS NCs.
Furthermore, the In—P/In—S ratio remains constant
when the depth increases by a value corresponding to
the mean free path. This is clear evidence of the differ-
ent internal structure of the two types of NCs.

Figure 4 represents the summary of the evolution
with probing depth observed for the In—P and In—S
chemical state intensity ratios. Each point is the average
of 10 fitting results (see Supporting Information). At the
lowest kinetic energy of 100 eV, In3ds, photoelectrons es-
cape mainly from the interface layer between the InP
core and the ZnS shell, and an intensity ratio of In—P to
In—S of 0.86 is found. The ratio increases steadily up to
1.73 with kinetic energy, which further confirms that the
in-depth distribution of indium chemical states is not uni-
form. It is therefore reasonable to assume that the al-
loyed interface layer is not homogeneous, but shows a
higher fraction of the In—S component closer to the ZnS
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shell and a lower one close to the InP core. One can ex-
plain this behavior by considering that P—S ion exchange
takes place preferentially at the InP NC surface and is lim-
ited by the quantity of the initially injected S precursor.
This assumption is supported by a recently reported syn-
chrotron radiation XPS analysis of ZnS/CdSe/ZnS core/
shell/shell NCs, which exhibit a compositional gradient
close to the inner ZnS/CdSe interface and a sharp compo-
sitional change between CdSe and the outer ZnS shell.3*
In summary, our results are consistent with InP/ZnS-TS
NCs having a core/interface layer/shell structure com-
posed of a pure InP core, a graded alloyed S,—In—P;_,in-
terface layer, and a relatively pure ZnS shell, respectively.
Let us now compare quantitatively the results of
the InP/ZnS-SS NCs with those of the InP/ZnS-TS NCs.
Upon increase of photon energy, the In3ds/, spectra do
not exhibit any change of the component relative in-
tensities, and the spectra are always dominated by a
large Sy,—In—P;_, component at 445.0 eV. The calcu-
lated intensity ratio of In—P/In—S shown in Figure 3 re-
mains at a constant value of 0.90, and the relative inten-
sity of the S,—In—P;_, component does not change
when increasing photon energy. It can therefore be
concluded that InP/ZnS-SS has a homogeneous alloyed
InPZnS core containing In—P, S,—In—P;_,, and In—S
components in a fixed ratio. The one-step synthesis pro-
cess of InP/ZnS-SS NCs favors interdiffusion due to the
sulfur and zinc precursors being present already in the
beginning of the synthesis. The presence of zinc ions,
required for charge neutrality, resulted in a strong in-
crease of the S,—In—P;_, component as compared to
In—S and In—P and to the situation in the InP/ZnS-TS
structure. The evolution of the elemental composition
of the NCs with reaction time, determined by EDX
analysis,® shows that the S content with respect to P is
approximately 1:1 in the beginning of reaction (from 5
to 10 min), which supports the hypothesis of the forma-
tion of homogeneous alloyed InPZnS NCs. The In con-
tent reached its maximum at 30 min, while the Zn and
S contents continuously increased until 60 min, indicat-
ing ZnS shell formation after complete depletion of
the In precursor.® Thus, the InP/ZnS-SS NCs are com-
posed of a homogeneous alloyed InPZnS core capped
with a (thin) shell of pure ZnS. Accordingly, with an es-
cape depth increasing from 0.6 to 1.5 nm, the same pro-
portion of In3ds/, photoelectrons was detected from
the core due to its homogeneous alloyed structure.
The quantitative analysis of the relative intensities
performed so far, as a function of photon energy, sup-
port the model of two distinct in-depth distributions:
first, a heterogeneous one with the InP core and an al-
loyed In—S/S,—In—P;_, core—shell interface (InP/
ZnS-TS NCs); second, a homogeneous one reflecting
an alloyed chemical structure (InP/ZnS-SS NCs). We also
evidence a chemical state component assigned to
mixed S and P bonding of In within the NCs, located at
the core—shell interface for InP/ZnS-TS NCs. To the best
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of our knowledge, this observation of the S,—In—P;_,
component in the In3ds; signal reported for the first
time here benefited from the high-energy resolution of
the SXPS analysis. Although the S,—In—P;_, compo-
nent has been suggested previously in several
publications,?®2°3' no spectral evidence related to this
component has been reported so far. Equally, the core
level spectrum of In3d was considered in ref 14; how-
ever, the detailed compositional analysis based on In3d
has not been performed due to a much lower instru-
mental resolution. For InAs/CdSe NCs,'” two compo-
nents due to the photoemission from volume (In—As)
and interfacial (In—Se) In atoms were observed in the
In3ds/, spectrum. These signals have been attributed to
a “Se-rich” interface layer; however, a possible
As,—In—Se;_, component was not suggested by the
authors.

The observation of the In—S and S,—In—P;_, com-
ponents enables a better understanding of both the re-
action mechanism and of the optical properties of InP/
ZnS NCs. In the case of the two-step synthesis
procedure of InP/ZnS-TS,* pure InP core NCs were syn-
thesized by reacting indium myristate with PH; gas at
250 °C for 30 min. The fluorescence QY of these NCs is
very low, on the order of 1%. With the addition of a
small quantity of zinc stearate and zinc ethylxanthate
at 300 °C, the reaction attained a surface alloying stage
by P and S anion exchange and formation of the inter-
face layer comprising the In—P, S,—In—P;_,, and In—S
components. The QY reaches values of 8—10% during
this stage, possibly due to the passivation of surface
trap states. During the addition of the second portion
of zinc stearate and zinc ethylxanthate at 210 °C to form
the pure ZnS shell, the QY increases to values of
15—40% depending on the core NCs’ size.

Figure 5 shows the UV—vis and PL spectra of the fi-
nal InP/ZnS-TS NCs used in this study, which exhibit
the excitonic peak at 660 nm and the PL peak at 710
nm. For the one-pot synthesis procedure of InP/ZnS-SS
NCs, a continuous red shift of the UV—vis and PL spec-
tra with reaction time has been observed.> This behav-
ior already indicated the formation of an alloyed rather

MATERIALS AND METHODS

InP/ZnS-TS NCs were synthesized using a two-step proce-
dure reported earlier:* (i) the indium precursor (indium
myristate in 1-octadecene) was reacted with in situ gener-
ated PH; gas at 250 °C for 30 min to form the core InP NCs;
(ii) one part of a mixture of zinc stearate and zinc ethyl-
xanthate (3:1) in 1-octadecene was added into a InP NC dis-
persion and heated to 300 °C to form a thin InP/ZnS
interfacial layer before injecting slowly the second part of
this mixture at 210 °C to increase the shell thickness. The InP/
ZnS-SS NCs were synthesized in a single-step procedure,®
which consists of mixing all precursors (indium myristate,
zinc stearate, tris(trimethylsilyl)phosphine, and dodecaneth-
iol) in a 1:1:1:1 ratio in 1-octadecene at room temperature
and subsequently heating to 270—300 °C for a certain time
(5 min to 2 h). To perform the SXPS experiments, a drop of a
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Figure 5. UV—vis absorption and PL spectra of InP/ZnS-TS
(red, excitation wavelength = 450 nm) and InP/ZnS-SS (blue,
excitation wavelength = 370 nm) NCs.

than a core/shell structure; as for the latter, the emis-
sion wavelength should be blocked after ZnS shell for-
mation. The InP/ZnS-SS NC sample used here shows the
excitonic peak at 460 nm and the PL peak at 520 nm
(Figure 5).

CONCLUSIONS

We have shown that high- resolution XPS core level
analysis using tunable energy soft X-ray synchrotron ra-
diation is a powerful tool to precisely probe the internal
structure of small heterostructure NCs. The high-energy
resolution below 200 meV enabled the identification of a
previously only postulated S,—In—P;_, component. It ex-
ists in InP/ZnS core/shell NCs prepared in a two-step pro-
cedure as a graded interface layer between the InP core
and ZnS shell. Our study further revealed that InP/ZnS
NCs prepared with a single-step method consist of a
homogeneous InPZnS alloy structure with a thin ZnS
shell. The clear spectroscopic evidence of the different In
chemical states helps to identify the involved reaction
mechanisms and to understand the (photo)physical prop-
erties of the NCs. It can be expected that the use of this
technique will be extended to other types of heterostruc-
tures at the nanoscale presenting low Z-contrast, for
which the applicability of high-resolution TEM techniques
is reaching its limits.

diluted dispersion of the NCs in toluene was deposited on a
natively oxidized silicon substrate. The sample was then
rinsed with n-hexane, dried under vacuum, and placed in
the XPS analysis chamber. This procedure provided a mono-
layer of NCs on the SiO, surface and prevented from charg-
ing during the SXPS experiments.

High-resolution core level X-ray photoelectron spectros-
copy with synchrotron radiation was carried out at the third
generation SOLEIL storage ring operated in the top-up mode
at 300 mA, using the photoemission endstation of the TEMPO
beamline, which covers an energy range of 50—1500 eV.
The experiments were performed at room temperature and
at a base pressure of 2 X 107'° mbar. Photoelectrons were
analyzed at a takeoff angle of 90° with respect to the sample
surface using a Scienta SES 2002 hemispherical analyzer and
delay-line detector.
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