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Abstract

Resonant Raman study reveals the noticeable effect of the ligand exchange on the nanocrystal (NC) surface onto
the phonon spectra of colloidal CdTe NC of different size and composition. The oleic acid ligand exchange for

pyridine ones was found to change noticeably the position and width of the longitudinal optical (LO) phonon

mode, as well as its intensity ratio to overtones. The broad shoulder above the LO peak frequency was enhanced
and sharpened after pyridine treatment, as well as with decreasing NC size. The low-frequency mode around 100
cm™ which is commonly related with the disorder-activated acoustical phonons appears in smaller NCs but is not
enhanced after pyridine treatment. Surprisingly, the feature at low-frequency shoulder of the LO peak, commonly

exchanged CdTe NCs.
PACS: 63.20--¢, 78305, 78.67.-n, 78.67 Bf

assigned to the surface optical phonon mode, was not sensitive to ligand exchange and concomitant close
packing of the NCs. An increased structural disorder on the NC surface, strain and modified electron-phonon
coupling is discussed as the possible reason of the observed changes in the phonon spectrum of ligand-

Introduction

Among semiconductor nanocrystals (NCs), colloidal
CdTe NCs attract increasing interest due to their large
exciton Bohr radius (7.3 nm), pronounced quantum size
effect, optical activity both in the visible and near-infra-
red spectral ranges (with a bulk band gap of 1.475 eV)
and chemical flexibility at the NC surface. These proper-
ties make the CdTe NCs promising for various optoelec-
tronic and biological applications: light-emitting diodes,
living cells” fluorescent labels, photovoltaic devices etc.
[1-5]. Since as-synthesized colloidal NCs are usually sta-
bilized by an organic ligand shell, inhibiting an efficient
charge transfer out of the NC, a crucial step towards
realizing some applications is the removal of these
ligands from the NC surface and/or its exchange for
other functional molecules [1,2,6,7]. Previously, the
removal of the surface ligands (oleic acid (OA) and tri-
n-octylphosphine (TOP)) from solution processed CdTe
NCs by a straightforward pyridine treatment was found
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to drastically reduce the photoluminescence (PL) life-
time and quantum yield [8]. No significant broadening
of the absorption or PL features and Stokes shift value
being observed upon pyridine treatment in [8] indicated
that the quality of the NC surface is not much
deteriorated.

Though phonons play a crucial role in the dynamics of
charge carriers and significantly determine the stationary
optical properties of NCs [1], detailed studies of the vibra-
tional properties of CdTe NCs are rather rare [9-12]. The
phonon spectra, electron-phonon coupling and some
properties of the electronic states can be studied by reso-
nant Raman scattering (RRS) spectroscopy [13]. In addi-
tion, the parameters of the phonon peaks in the RRS
spectra provide information about the structure of NCs
[9-31]. Nevertheless, the nature of phonon features of
nanocrystalline semiconductors is not well understood at
present. In addition to most frequently discussed effect of
phonon confinement (PC) onto the parameters of the pho-
non peaks, there obviously exist other important factors
which lead to discrepancies in the reports of different
authors concerning the effect of NC size onto the phonon
spectrum. In particular, matrix-induced stress and zinc in-
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diffusion were proved to have noticeable effect on inter-
pretation of the phonon spectra and their size dependence
for glass-embedded NCs [23,30]. For colloidal NCs, the
possible factors, competing with PC, which can have influ-
ence on the phonon spectrum, are yet to be studied. In
several studies, a noticeable strain was revealed, which can
originate from the surface tension of the NCs [32-34],
while the effect of ligand is usually ignored. The only
study of the ligand effect onto the longitudinal optical
(LO) phonon in CdSe NCs [24] revealed noticeable tensile
strain due to TOP(O) and hexadecylamine (HDA) ligands,
while no ligand effect was found in [28] for a wide range
of ligands/matrices. However, the result obtained in [24]
may be in part due to using of two different preparation
routs for TOPO- and HDA-passivated NC samples, as
well as employment of treatment with pyridine of some
(smallest) NCs in order to reduce the PL background in
Raman spectra. In this work, the effect of oleic acid ligand
exchange for pyridine was studied on the samples from
the same batch, to elucidate the effect of the ligand onto
vibrational properties of CdTe NCs. The coupling of dif-
ferent kinds of molecules to the NC surface atoms may
cause noticeable strain in NCs due to re-arrangement
(reconstruction) of the surface atoms [32-35], or by charge
transfer between NC and molecule [31]. Raman spectro-
scopy on phonons has already proved to be an efficient
tool of separating the factors of size, strain and chemical
composition in different kinds of semiconductor nanos-
tructures [9-31].

Sample preparation and experimental setups
Preparation of the CdTe NCs

All chemicals were used as received without further pur-
ification: cadmium oxide (CdO; 99%, Fluka), TOP (90%,
Aldrich), OA (90%, Aldrich), 1-octadecene (ODE;
Merck), tellurium powder (Te; purum p., Fluka), anhy-
drous pyridine (Normapur), dried n-hexane (Appli-
Chem) and D-chloroform (99.8 at.% D, Aldrich).

Te precursor (TOPTe/ODE): A Te/TOP (10 wt.%)
solution was prepared as follows: 4.5 g of TOP was
added to 0.5 g (3.92 mmol) of Te in the glove box. This
mixture was further heated to 200°C to 250°C under
nitrogen flow till the dissolution of Te. Then, Te injec-
tion solution (TeTOP/ODE) was prepared by mixing
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0.1460 g (0.114 mmol Te), 0.2910 g (0.229 mmol Te),
0.5104 g (0.4 mmol Te) or 1.021 g (0.8 mmol Te) of a
Te/TOP solution with 2 ml of ODE to obtain the pre-
cursor ratio of Cd/Te = 7:1, 3.5:1, 2:1 and 1:1, respec-
tively (Table 1).

Synthesis of high-quality CdTe NCs: A Cd precursor
solution was prepared by mixing 0.1024 g of CdO (0.8
mmol) with 800 pl of OA (2.4 mmol) in 20 ml of
technological-grade ODE in a single, three-neck,
round-bottom flask. This mixture was heated to 100°C
under vacuum for 30 min with permanent stirring.
Later on, the system was turned to nitrogen flow and
heated to 300°C, resulting in the formation of a homo-
geneous transparent solution of cadmium oleate Cd
(OA),. This solution of Cd-oleate complex in ODE
was allowed to be boiled at 300°C without restriction,
which led to the formation of a greyish precipitate of
crystalline Cd° NCs. The TeTOP/ODE solution was
injected at the time of 5 to 20 s after the Cd® appear-
ance. The nanoparticle colloidal solution was cooled
down to room temperature after the certain time of
growth (Table 1).

Purification procedure: The solution of synthesized
CdTe NCs was centrifuged to separate the Cd° particles.
The extraction and precipitation procedure was adopted
from [36]. Briefly, 20 ml of the original OA-coated
CdTe nanocrystals (OD = 65) in ODE was diluted with
6 ml of hexane and extracted with 14 ml of methanol to
remove the reaction by-products. The nanocrystals dis-
persed in the hexane-ODE layer were precipitated with
excess acetone and methanol (5:1 ratio to the extracted
hexane-ODE solution containing the nanocrystals). The
nanocrystals were isolated through centrifugation and
decantation. The precipitation step was repeated a cou-
ple of more times, and the final nanocrystal pellet on
the bottom of the vial was redissolved in a desired sol-
vent (hexane or pyridine).

Pyridine treatment: For ligand exchange, purified (as
written above) CdTe NCs were redissolved in 7 ml of
pyridine. Then the solution was heated to 65°C for 3 h
with the permanent stirring (for better ligand exchange,
stirring was applied overnight). The next day, the parti-
cles were precipitated with excess hexanes and again
diluted in pyridine.

Table 1 Summary of the main synthesis conditions, mean diameter, as well as parameters of the lowest excitonic of

the NCs studied in this work

Sample Cd/Te Injection time?, s Time of NCs growth, s 1st abs max (E;) in ODE/hex, nm/eV NC d, nm (based on E;)
#0621 71 5 10 621/2.00 39
#0641 2:1 5 10 641/1.93 42
#0642 1:1 20 10 642/1.93 42
#582 351 20 10 582/2.13 35

2Time period between the occurrence of Cd° precipitate and the injection of TeTOP.
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Characterization

UV /vis spectra were recorded using a Carry 100 absorp-
tion spectrophotometer. The samples were dispersed in
1-cm path length quartz cells filled with hexane or pyri-
dine. The absorbance values were used to calculate the
molar particle extinction coefficients, the NCs diameters
and their concentrations [37].

1H and 31P nuclear magnetic resonance (NMR) spec-
tra were recorded on a Bruker DRX 500 and Bruker
Avance III 500 NMR spectrometers operating at 500
and 202.772 MHz, respectively, and referenced to tetra-
methylsilane at 6 0.0 or in the scale relative to CDCl3
using the residual proton signal of CDCl; at 6 7.24 in
the case of 1H NMR spectra and to an external phos-
phoric acid standard set at § 0.0 in the case of *'P NMR
spectra. "H NMR and *'P NMR analyses were carried
out either by dissolving a purified powder of a NC sam-
ple in CDCI3 or by using the recovered ligands dissolved
in CDCl;. To obtain the recovered ligands, purified NCs
were first digested by a DCI-D,O solution, and then the
organic ligands were extracted by CDCl; from the D,O
solution [38].

High-resolution transmission electron microscopy
(TEM) images were collected by using a Philips CM 200
FEG transmission electron microscope operating at an
acceleration voltage of 200 kV. A 10 -pl drop from a
very dilute sample solution was deposited on a carbon-
copper grid and left to evaporate in air.

Powder X-ray diffraction patterns were collected on a
X’Pert Pro MPD instrument from PANalytical using Cu
K, radiation (A = 1.5406 A) in the range of 5° to 80°.
Samples were deposited from a concentrated suspension
of the particles on the special low-background silicon
substrates at room temperature.

Raman spectra were excited with the 20-mW 488-nm
Ar" laser line (power density on the sample about
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400 W/cm?) and recorded with a spectral resolution of
2 cm™! using a triple monochromator Raman system
(Dilor XY 800) equipped with a CCD camera. Raman
spectra were taken at 50 K, provided by a closed cycle
helium cryostat, from the CdTe NCs samples deposited
from solution on a Si substrate. The phonon peak of
the Si substrate was used as an internal standard for a
precise calibration of the phonon frequencies of the
CdTe NCs.

Results and discussion

Optical absorption

The optical absorption spectra of the series of OA-stabi-
lized CdTe NCs under study are shown in Figure 1.

The significant blue shift of the lowest energy absorp-
tion peak at 582 to 642 nm (2.00 to 1.93 eV) from the
bandgap energy of the bulk CdTe - 1.43 eV [39] - evi-
dences strong confinement of carriers in these NCs.
Based on the sizing curves reported in literature [37],
the average diameter of the NCs in our samples was
estimated to vary from 3.5 to 4.2 nm (Table 1).

The distinct lowest energy features in the spectra indi-
cate a narrow size distribution (~5% [40]) and high crys-
tallinity of the NCs, in agreement with the results of
TEM (Figure 2a), X-ray and previous investigation of
NCs prepared in the similar way [8,40,41], which pos-
sess quantum vyield of the photoluminescence as high as
approximately 80% at room temperature [40]. The NC
size determined from TEM correlates well with that cal-
culated from absorption.

At a closer look on the absorption spectra of #641 and
#642, one can notice the distance between two lowest
absorption peaks, AEy; = E, - Ej, being very different -
20 and 40 nm, respectively (Figure la). It is seen from
the plot of the AE,; vs E; energy in Figure 1b that the
sample #641 does not follow the trend of the rest of
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Figure 1 Optical spectra. Optical absorption spectra of the oleic acid-stabilized CdTe NCs under study (a) and (£, - E;) splitting vs £ (b).
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5 nm in (b, d).

Figure 2 Images of the TEM. TEM images of the CdTe NC sample #642 in hexane (a-b) and in pyridine (c-d). The scale is 20 nm in (a, ¢) and

samples. If we assume the same mean NC size for sam-
ples #641 and #642, the different AE;; value may be
then related to different Cd/Te ratio or to the different
crystalline structure of the NCs - zinc blend vs wurtzite.
Indeed, for CdSe NCs, the larger AE,; was reported to
be an indication of zinc-blend structure, with small
splitting attributed to the wurtzite one [42].

However, it is unlikely that based solely on those data
for CdSe we can build a reliable criterion for the crystal-
line phase of our CdTe NCs based on the value of AE,;
because our analysis of many published works on CdTe
NCs revealed no unambiguous relation between the
AE,, value and crystalline structure. Thus, the AE,; =
110 to 130 meV (30 to 40 nm) corresponds to d = 4 nm
for NCs of either zinc-blend or wurtzite structures. The
X-ray diffraction measurements of our samples #641
and #642 revealed the same, zinc-blend structure. Based
on the inherent size dependence of AE,; [43,44], its
magnitude of 135 meV (42 nm) for #642 is more rea-
sonable value for 4 nm NCs than 203 meV (60 nm)
observed for #641. Therefore, we can conclude that the
position of the excitonic features in the absorption spec-
trum of the NC sample #641 is strongly affected by fac-
tor(s) other than quantum confinement effect (i.e. NC
size). Probably, the inhomogeneity of the composition
over the NC volume plays a role. This problem will be
further discussed in the Raman part of the paper.

NMR

NMR spectroscopy is a well-known method to deter-
mine the composition of the ligand shell and distinguish
between bound and free ligands, since the signals from
atoms located near the surface of the nanoparticles can
be shifted, broadened or even disappear completely. To
study the composition of the initial ligand shell, we have
fulfilled 'H and *'P NMR analysis. >'P NMR analysis
detected no phosphorus compound in the sample,
despite the fact that TOPTe is present in the synthesis
of CdTe NCs. So, one can draw the conclusion that the

ligand shell of the CdTe NCs after synthesis is com-
posed only of oleic acid molecules.

To obtain a clear representation of the initial ligand shell
composition of CdTe NCs, we have fulfilled the analysis of
the recovered ligands (see experimental section). By com-
parison of the "H NMR spectra of the recovered ligand
shell from the original CdTe NCs (Figure 3b) with pure
oleic acid (Figure 3a), one can clearly observe the presence
of six typical OA peaks in the nanocrystal sample, i.e. with
the same chemical shift as in pure OA. This is in accor-
dance with other studies of OA-capped NCs, where the
signals of bound OA did not shift; however, some of the
signals were strongly broadened or disappeared [45].

The integrals of the signals do not match these of the
pure OA because the signals of the hydrogen atoms
located near the surface of the nanoparticles are affected
in the strongest way. But taking into account the fact
that the presence of TOP in the ligand shell was not
detected by means of *'P NMR, the only possible
ligands of CdTe NCs can be OA molecules.

( a} oleic acid

L - A, A k_l.,

(b) ' ' OA-c;ppadC’dTaNcs.
.y "

9 8 7 6 5 4 3 2 1 0
parts per million (ppm)

Intensity (a.u.)

Figure 3 NMR spectroscopy. 'H NMR spectrum of pure oleic acid
(@) and recovered ligand shell (b) of as-synthesized OA-capped
CdTe NCs.
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The NMR spectrum of intact CdTe NCs after the pyr-
idine treatment is shown in Figure 4b. Three peaks at
7.30 (overlapped by the signal of CDCl3), 7.68 and 8.62
ppm correspond to pyridine, while in the pure pyridine
NMR spectrum (Figure 4a) these signals are shifted and
are at 6.45, 6.81 and 7.86 ppm, respectively.

The fact that the ligand exchange took place at first
view is evidenced by change in the solubility of the par-
ticles: As-synthesized NCs dissolve in hexane, but the
pyridine-treated NCs precipitate after the addition of
hexane and dissolve in pyridine. However, it is known
that oleic acid ligands of semiconductor nanoparticles
cannot be completely substituted to pyridine ones (even
after several repeated steps of the ligand exchange) [46].
Due to the difficulty of complete ligand exchange with
pyridine, having a weak binding nature, we assume that
some OA molecules are still present in the ligand cap of
CdTe NCs.

Resonant Raman scattering of CdTe NCs of different size
Figure 5a shows RRS spectra of the series of initial (OA-
stabilized) CdTe NCs in the range of LO phonon
(approximately 170 cm™) and its overtones (2LO
approximately 340 cm™ and 3LO approximately 510
cm'l), measured at temperature of 50 K and excitation
wavelength of 488 nm. The excitation wavelength used
falls well above the absorption threshold of the CdTe
NCs under study, even at temperature of 50 K at which
the absorption spectrum shifts as a whole to shorter
wavelength by about 25 nm, providing high enough sig-
nal/noise ratio at a moderate excitation power. A care
was taken to avoid heating of the NCs, and we observed
neither noticeable changes of the intensity and lineshape
of the Raman spectrum nor visual damage of the sam-
ple, at least at the timescale of spectrum accumulation.
The assignment of the peak at 167 to 169 cm™ to the
scattering on LO phonons in CdTe NC is based on

{a} Pyridine

(b) Pyridine-treated CdTe NCs

|

9 8 7 6 5 4 3 2 1 0
parts per million (ppm)

Intensity (a.u.)

Figure 4 NMR spectrum. 'H NMR spectrum of (a) pure pyridine
and (b) CdTe NCs after the ligand exchange.
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previous observations for CdTe NCs [9-12] and the peak
frequency being very close to the LO mode in bulk CdTe
crystals - 170 to 173 cm™ at low temperatures [39]. The
difference between the bulk and present values is
obviously due to the phonon confinement. The LO peak
broadening and low-frequency asymmetry are assigned
to phonons with k = 0 [47], surface optical (SO) [19] or
zone-edge (ZE) [18] phonons, or quantized optical vibra-
tions (vibrons) with quantum number # > 1 [13]. Even
though fitting the spectral curve with two Lorentzians,
corresponding to SO (ZE) and LO phonon or to vibrons
with different quantum numbers, has been widely applied
to CdSe, CdTe and CdS NCs [9,10,17-19,23], for present
CdTe NCs the two-peak fit was found to be inappropri-
ate. It is seen from the sample fit in Figure 5b that two
Lorentzian profiles are needed to fit satisfactorily only
the low-frequency asymmetry of the LO peak. Based on a
small peak width and its frequency value matching clo-
sely that of the bulk CdTe transverse optical (TO), the
lowest component, peaked at 145 cm™, can be assigned
to the CdTe TO phonon [11,14]. In contrary to LO, TO
mode is not expected to shift noticeably with a reduction
of the crystallite size, as the TO dispersion curve of CdTe
is rather flat [39]. Note, however, that as the confined
optical vibrations (phonons, vibrons) in the NC are of
mixed TO-SO-LO nature (except for LO which is purely
longitudinal) [13], the assignment of the lowest frequency
optical mode to TO can be rather conditional and only
mean that this vibrational mode contains more TO nat-
ure/movement than other modes.

The broader (I' = 12 cm™) component peaked near
160 cm™ (Figure 5b) is likely to be attributed to a ‘true’
SO modes, as the frequency of the SO mode is expected
to lie between the TO and LO [48]. We calculated the
vso for our NCs, using the same formalism as in [9], with
the low temperature of the present measurements taken
into account and the dielectric constant of the ligand
shell (ey; = 2.5). The obtained value of vso = 160.5 cm™
is very close to that of the experimental component
centred at 160 to 162 cm™. A superposition with higher
SO modes can lead to the larger width of this feature, as
compared to I' o (6 cm™) and I'to (5 cm™).

The Raman spectra in Figure 5a follows the common
dependence on NC size - the LO band gets broader and
shifted downwards when NC size decreases. The only
exception is the sample #641 - its broader and down-
wards shifted LO band does not correspond to the lar-
gest size (the same as in #642 - 4.2 nm) in the series, as
derived from the E; energy in the absorption spectra
(Figure 1a, Table 1). It is natural to assume that this
finding in the Raman spectra of #641 and the unexpect-
edly large AE,; value of this sample (Figure 1b) are
related to its special structure, different from NC sample
#642 and other samples studied. As we mentioned in
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Section 3.1, the crystalline phase was proved by X-ray to
be the same, zinc-blend, for both latter samples. The
most probable difference of the #641 can then be a
smaller size (compared to #642) due to shorter reaction
time and different structures of the surface due to dif-
ferent Cd/Te ratios (Table 1). In this size range, the dif-
ference in diameter of several angstroms may hardly be
revealed by TEM or X-ray but can result in noticeable
difference in absorption spectra. The different Cd/Te
ratios as well as the reaction time (Table 1) can readily
lead to different structures of the NCs at coinciding E;
energy. Such competing, with respect to the spectral
shifts, factors as surface-induced strain, surface recon-
struction and non-stoichiometry can therefore lead to
the observed discrepancy in the optical absorption and
phonon spectra.

In particular, the effect of CdTe surface enrichment
with Te, well-known for bulk CdTe crystals and thin
films [49], can be even more probable for NC due to
their large surface-to-volume ratio and surface curva-
ture. Thus, the sample #641 can have some radial com-
position inhomogeneity, with Te enrichment towards
surface and therefore a reduced volume of pure (stoi-
chiometric) CdTe. The reasons are the small time preci-
pitation of Cd at its relatively small (compared to other
samples) excess in the parental solution (2:1). For #621
obtained at the same precipitation time, the Cd defi-
ciency is, probably, not realized due to higher Cd/Te
ratio - 7:1. On the other hand, for #642 with even
slightly smaller Cd/Te ratio (1:1), no noticeable compo-
sition inhomogeneity occurs due to longer precipitation
time - 20 s.

Based on the above arguments, the downwards shifted
and broadened LO phonon peak of the #641 can be well
explained by a reduced size of the pure (stoichiometric)
CdTe phase. The structural inhomogeneity (disorder) of

the near-surface region of the NCs can also contribute
to the LO peak broadening. A detailed study of ZnS
NPs [32] showed that random imperfections of the NC
structure such as non-stoichiometry and bond bending
can lead to significant deviations of the elastic (and sub-
sequently vibrational) properties over the NC, while the
average (effective) strain can be insignificant. Moreover,
the calculations of CdSe NC structure performed in [34]
revealed a surface reconstruction even for bare particles,
with the inward relaxation of the Cd atoms to reduce
the energy of the NC, which induces the compressive
strain inside NC.

In view of the discussed above, our observations in the
optical and vibrational spectra of NCs studied, the rela-
tion between the NC size and its optical properties (in
particular, position of the lowest exciton state) appears
not to be straightforward, and the commonly used way
of estimation of the NC size based only on the position
of the lowest absorption maximum is to be used with
caution. Moreover, a more detailed study of the effect of
Cd/Te ratio at different reaction times onto excitonic
and phonon spectra is to be undertaken in the future.

The high-frequency shoulder (HFS) of the LO peak,
which expands up to 70 to 80 cm™ above the LO fre-
quency (Figure 5), has been reported by us recently for
NCs of different chemical compositions (CdTe vs CdSe),
as well as synthesis conditions (temperature, precursors,
solvents etc.) and optical spectra (absorption and PL
bandwidth, PL QY) [20]. Here, the feature is seen to be
more pronounced for smaller CdTe NCs (Figure 5a), in
qualitative agreement with observations for CdSe NCs
studied in [20]. Among probable origins of the high-fre-
quency shoulder, the contribution of acoustic phonons
or surface-induced vibrational modes was assumed [20].
The version of Cd or Se oxide was excluded for HES in
CdSe NCs in [20] due to mismatch of the vibrational
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frequencies. Similarly, the oxide origin of the HES in
present CdTe NCs can be excluded. More probably, it
appears to originate from elemental Te on the NC sur-
face, as discussed in the next section.

The stronger HES for smallest NCs - sample #582 (Fig-
ure 5a) - qualitatively correlates with appearance of the
peak approximately 100 cm ™!, commonly assigned to a dis-
order-activated phonon (DAP) mode [18]. We observed
this mode to be activated even in high-quality CdSe NCs
of sufficiently small size - less than 3 nm [20] - in accor-
dance with earlier report on CdS NCs in glass [13]. Prob-
ably, for smaller enough NC (even with perfect internal
crystallinity), the surface itself is a defect that perturbs the
phonon propagation, resulting in activation of the DAP
mode. Based on the absence of the DAP mode in the spec-
trum of #641, we can additionally confirm the above
assumption that the NC size in this sample is not as small
as in # 582 and the low frequency and broadening of the
LO peak of #641 results from other effects than phonon
confinement (e.g. non-stoichiometry).

Effect of pyridine treatment on Raman spectra of CdTe NCs
The observed effect of pyridine treatment onto the pho-
non spectra lies generally in the broadening and upwards
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shift of the main phonon band at approximately 170 cm™
and its overtones, as well as reduction of the intensity
ratio of the overtones to fundamental (Figure 6). The fit-
ting shows that the change in the lineshape in our case is
mainly due to broadening of the LO peak, and the magni-
tude of the enhancement and broadening of its low- and
high-frequency shoulders are not as large as it can appear
at the first glance. The reason is obviously the much
higher intensity of the LO peak compared to other fea-
tures. The stronger effect of the ligand exchange for NCs
#642 than for smaller-sized NCs #621 can be due to dis-
cussed in the previous section effect of NC stoichiometry,
determined by the Cd/Te ratio in the parental solution.
As the ligands are known to bind to Cd but not to Te (or
other chalcogens), the sample with smaller Cd/Te ratio
(#642 in this case) can reveal a more pronounced effect
of the ligand exchange due to smaller number of Cd ter-
minations on the surface of NCs.

Another effect of pyridine treatment is a sharpening
and slight downwards shift of the HFS feature. As the
enhancement of the HES after treatment in pyridine was
observed for two samples, #641 and #642, with higher
Te concentration during synthesis, this Raman feature
may be related with the Te phase on the NC’s surface.

#6521
capped with
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Figure 6 Pyridine effect on phonon Raman spectrum. Effect of pyridine on Raman spectra of CdTe NCs: #621 (a), #641 (b) and #642 (c). Fit of
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Note that Raman spectroscopy on phonons is an effi-
cient tool to detect the surface Te on CdTe crystalline
films [49] due to much larger scattering cross section
for Te compared to CdTe [50]. The only reported Te-
related Raman feature above CdTe LO phonon fre-
quency is the bond-stretching vibration of the crown-
like Teg ring at 182 cm™ [50], which is also observed in
a-Te. Even though the most strong Te-related Raman
features, which are more commonly observed, are situ-
ated at lower frequencies (90 (E), 121 (4,) and 142 cm™
(E) [50]), these frequencies and width can be signifi-
cantly affected because of the distortion of Te-Te bonds
on the NC surface. It is known that the A; mode of Te
shifts from 121 cm™ in bulk c-Te up to 159 cm™ in a-
CdTe due to stronger bonding in the Te chains which
lost long-range order (interaction) [51]. When we
assume that Te exists in the initial CdTe NC sample,
then reduction of the corresponding peak width and its
downwards shift to the 182 cm™ position in the treated
sample may be related with improvement of the struc-
tural perfection of the Te phase or increase of its
volume.

The DAP feature approximately 100 cm™, which can
be indicative of surface disorder, was not enhanced or
activated by pyridine treatment, and we can conclude
that this feature is related rather to small CdTe NC
than to Cd/Te ratio because the sample #582, for which
this feature is most pronounced, was formed at inter-
mediate Cd/Te ratio (Table 1).

As the surface of the NCs plays an important role in
all their properties, the special attention is obviously to
be paid to phonon modes traditionally related with the
surface. The important property of the SO vibrational
mode is that its electric potential exists outside the NC
(unlike the strongly localized LO) [48]; thus, it should
feel the interparticle interaction better than LO. Indeed,
the authors of [12] reported on suppression of the SO
mode in array of close-packed CdSe nanorods (NRs).
The surface or interface phonon modes are stimulated
by the change in dielectric medium at the interface. In a
close-packed 2D array of nanorods, the space adjacent
to the rods is occupied by other nanorods, and the mod-
ified dielectric medium surrounding the individual rods
was supposed in [12] to cause the observed suppression
of the SO phonon modes. A qualitatively similar
response of the SO mode to NC aggregation one could
expect for our CdTe NCs after pyridine treatment which
is seen to lead to significant aggregation (Figure 2). How-
ever, no suppression of the SO mode in our case is
observed, even though the NCs are seen on TEM images
to be in contact with one another. Obviously, the nature
of the SO mode is not well understood at the moment as
its behaviour varies strongly from one study to another.
The different responses of the SO mode to the close
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packing of the NCs in our work and in [12] can be
explained by an inherent anisotropy of the NRs’ proper-
ties in [12]. The special properties (e.g. spectral) of the
SO mode(s) and their response to certain polarization of
the electric field of the Raman-exciting light can thus be
induced by the anisotropy of the SO mode in individual
NR that allows a collective anisotropy to be induced in
the aligned array of close-packed NRs. We believe this
factor can be more important than the close packing of
the NCs itself ('e-contrast effect’) because the packing
density of the NCs in the aligned and random samples
does not differ much [12].

Conclusions

The dependence of the phonon spectra of colloidal
CdTe NCs on the kind of surface ligand was studied by
resonant Raman spectroscopy, NMR, optical absorption
and TEM. The exchange of oleic acid molecules on the
NC surface for pyridine ones was found to influence
noticeably the positions and width of the LO phonon
peak, as well as its intensity ratio to overtones. The
broad high-frequency shoulder above the LO peak was
stronger in smaller NCs and shifted upwards and shar-
pened after pyridine treatment. The low-frequency
mode around 100 cm™, commonly related with the dis-
order-activated acoustical phonons, appears in small (3.5
nm) NCs but is not enhanced after pyridine treatment.
The effect of the Cd/Te ratio in parental solution is
found in both the splitting in optical absorption spectra
and LO phonon energy and broadening. Surprisingly,
the feature at low-frequency side of the LO peak, com-
monly assigned to the surface optical phonon mode,
was not sensitive to ligand exchange and concomitant
close NC packing. The observed changes in the phonon
spectrum of ligand-exchanged CdTe NCs are related
with an increased structural disorder on the NC surface,
strain and modified electron-phonon coupling.
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