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he synthesis of colloidal semicon-

ductor nanocrystals (NCs) has seen

an impressive progress in the past
two decades, fueled by the unique physical
properties of these nano-objects arising
from quantum confinement. Among all
II—=VI and IlI—V semiconductor NCs, InP is
probably the most promising compound,
combining size-tunable emission in the vis-
ible and near-infrared spectral range (as the
bulk band gap at room temperature is 1.35
eV') and low intrinsic toxicity." '° In view of
the potential technological applications of
semiconductor nanocrystals in biological la-
beling,' lasers,'? LEDs,'® and solar cells,™
improvements in synthesis and structuring
of these materials are still being made.
Apart from the size-dependent properties,
the band gap of semiconductor nanocryst-
als has been shown to depend on
temperature’> '8 but the red shift of the
emission upon raising the temperature is
small and does not lead to clearly visible
color changes.'®? In an earlier paper?! we
reported a study of the temperature depen-
dence of both the band gap and photolumi-
nescence (PL) line width in InP/ZnS nano-
crystals in the temperature range 300—525
K. The results showed that, in this tempera-
ture range, the variation of both the energy
band gap and the photoluminescence line
broadening were predominantly due to
coupling of the e;—h; transition to acous-
tic phonons. We note that although the use
of the term “band gap”, by way of analogy
with bulk semiconductors, has become
common practice in the literature on quan-
tum dots (QDs),?2? strictly speaking the
quantity so denoted in QDs is the energy
of the e;—h; transition, commonly called
the lowest exciton.

The variation of the band gap of semi-

conductors with temperature gives rise to

www.acsnano.org

ABSTRACT Visual color changes between 300 and 510 K were observed in the photoluminescence (PL) of

colloidal InP/ZnS core —shell nanocrystals. A subsequent study of PL spectra in the range 2—510 K and fitting

the temperature dependent line shift and line width to theoretical models show that the dominant (dephasing)

interaction is due to scattering by acoustic phonons of about 23 meV. Low temperature photoluminescence

excitation measurements show that the excitonic band gap depends approximately inversely linearly on the

quantum dot size d, which is distinctly weaker than the dependence predicted by current theories.

KEYWORDS: quantum dots - InP/ZnS - photoluminescence - temperature
dependence - dephasing - size dependence - finite-size scaling

color changes of emitted, transmitted, or re-
flected light. These color changes may have
potential relevance in applications, as vi-
sual indicators for the temperature of a sur-
face. By way of introduction to the paper,
such distinct visual color changes in PL are
reported here for semiconductor NCs, for
the first time, to the best of our knowledge.
The remainder of the paper is devoted to
two issues directly related to these color
changes. In the first part we investigate in
detail the temperature dependence of both
the PL peak energy and the PL line width
over a wide temperature range (2—510 K)
for QDs of various sizes (diameter 1.8—4.5
nm), and we analyze how this temperature
dependence may be described and charac-
terized by a few parameters. In the second
part we investigate, at low temperature (2
K), the dependence of the PL peak energy
and of the exciton energy upon the size of
the QD, and we compare our results with re-
cent theoretical predictions.

*Address correspondence to
RESULTS AND DISCUSSION p.j.van.der.zaag@philips.com.

Temperature Dependence in

Photoluminescence. We start by considering
the temperature dependence of the light
emitted by the NCs in photoluminescence.
Figure 1 shows for InP/ZnS core—shell
nanocrystals of three different sizes, the
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Figure 1. Photographs of solutions of InP/ZnS core—shell
nanocrystals of three different sizes at room temperature (300
K) and 510 K, upon excitation with a Hg lamp.

color changes in the photoluminescence upon excita-
tion by a Hg lamp when the temperature is raised from
300 to 510 K. The interesting aspect of this figure is
that this is the first time such a distinct PL color change
has been visually seen, whereas previously at most a
change of shade had been observed.'® The main rea-
son why such prominent color changes were not ob-
served in semiconductor nanocrystals in earlier
reports’ '8 is that most temperature dependent stud-
ies are solely done in a cryostat up to 300 K (where vi-
sual inspection of the color is rarely done) and the fact
that the color change is larger in the high temperature
region (vide infra). Figure 2 shows the corresponding PL
spectra at a number of different temperatures for a typi-
cal InP/ZnS core—shell nanocrystal sample.

We will first address the temperature dependence
of the peak position of the PL spectra. Figure 3 shows
the PL peak energy as a function of temperature for
two samples of InP/ZnS core—shell NCs of different
sizes (1.8 and 3.0 nm). The data in Figure 3 and of three
more samples of differently sized InP/ZnS NCs could
be fitted well to the Varshni expression,?* which gives
the temperature dependence of the band gap of bulk
semiconductors and has also been used for quantum
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Figure 2. PL spectra of InP/ZnS core—shell quantum dot (3.8
nm) at five different temperatures.
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dOtS.15’16’18’22
E,(T) = E,(0) — aT*/(T + P) (1)

where E4(0) is the bandgap at 0 K, « is the tempera-
ture coefficient, and the value of B is close to the
Debye temperature. The Varshni expression should
also be valid for the PL peak energy Ep (T) when the
Stokes shift is independent of temperature, which we
have verified to be the case for InP/ZnS quantum dots
between 2 and 300 K. Note that, to distinguish the PL
“band gap”, that is, the PL peak energy shown in Figure
3, from the true excitonic band gap E4(T), we will hence-
forth refer to the PL peak energy as Ep (7). The results
from the fits for InP/ZnS core—shell NCs of various sizes
are tabulated in Table 1, where the values for Ep (0) are
in fact the peak energies measured directly at 2 K, while
those for o and B are obtained from the fit. Unlike the
values of «, those of B agree with those reported for
bulk InP (@ = 4.91 X 107*eV/Kand B = 327 K).2*

The theoretical basis for the much-used Varshni ex-
pression is unfortunately rather weak, as it is purely an
empirical expression.?” The parameter B, which is sup-
posed to be of the order of the Debye temperature, in
certain cases even turns out to be negative.?* Moreover,
eq 1 predicts a quadratic temperature dependence at
low temperatures, whereas experimental results show
(an approximate) temperature independence as can be
seen from the insets in Figure 3. Hence, the data in Fig-
ure 3 were also fitted to a more recent expression pro-
posed by O’'Donnell and Chen,? which is expected to
be an improvement over the Varshni expression, since
it is based upon an analysis of the specific mechanism
held responsible for the band gap narrowing, involving
the electron—phonon coupling.

25(ho)

exp((hw)/kgT) — 1 @)

Ey(D = E,0 —
where S is the Huang—Rhys factor, (fiw) is the average
phonon energy, and kg is the Boltzmann constant. The
fitting results are tabulated in Table 2. The values of S
from the fit signify that the electron—phonon cou-
pling increases as the diameter of the nanocrystal is de-
creased. A similar trend was reported for CdSe quan-
tum dots through fluorescence line narrowing.?” Since
a larger Sresults in a bigger band gap shift with temper-
ature (see eq 2), the visual change in PL color is maxi-
mized by choosing smaller quantum dots as indicated
by the data in Figures 1 and 3. This is in accordance with
the theoretical analysis carried out by Schmitt-Rink
and co-workers, who derived that S « a,3/V where ay is
the Bohr radius and V is the volume of the quantum
dot.?®

The average phonon energy obtained is much
smaller than the longitudinal optical (LO) and trans-
verse optical (TO) phonon energies of bulk InP,? yet is
in accordance with the reported longitudinal acoustic
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(LA) phonon energies (23.6 meV) derived from infrared
spectroscopy and neutron scattering data for bulk
InP.3%3! The values in Table 2 are different from those re-
ported in our previous study?' (around 13 meV), which
were similar to the value deduced from older Raman
studies (15.5 meV).32 The presently obtained values
around 23 meV are considered to be more accurate
since the full temperature range 2—510 K was included
and Fp (0) was determined directly as opposed to be-
ing derived from the temperature fit, as was done in our
earlier work.?" It is interesting to note from Figure 3
that in the low temperature region (2—100 K) the
Varshni expression gives a slightly better description
of the data than eq 2. This indicates that a still better
(physically relevant) model is required to give a good
description of the observed shift at low temperatures.
Let us now turn our attention to the line width. Fig-
ure 4 shows the full width at half-maximum (fwhm) of
the PL spectra as a function of temperature for the
same two samples of InP/ZnS core/shell NCs for which
the PL peak energies were shown in Figure 3. The data
in Figure 4 can be fitted well to an expression which ac-
counts for three contributions to the total line width,

TABLE 1. Parameters Used in the Fit of the PL Peak Energy
as a Function of Temperature (Figure 3) by eq 1¢

diameter d (nm) Ep(0) (eV) o (107* eV/K) B (K

1.8 +0.2 2.45 +0.01 6.5+0.1 325+10
21+02 242 +0.01 6303 310 =30
3.0 0.2 2.14 £ 0.01 6.7 = 0.1 340 =15
3.8 0.1 1.96 = 0.02 45+02 340 = 30
45+0.1 1.83 = 0.02 3.5+0.2 310 = 40

“The zero-temperature peak energy £p(0) was measured directly, whereas o and
[ were obtained from the fit.

viz., inhomogeneous broadening (due to fluctuations
in size, shape, composition, etc. of the nanocrystals) and
homogeneous broadening due to scattering of the ex-
citon by optical phonons and by acoustic phonons,
respectively.'633

[(T) = Ty, + oT + TiplexpEp/ksD — D' 3)
where Ty, is the inhomogeneous line width, which is
temperature independent, o is the excitonic-acoustic
phonon coupling coefficient, I' o represents the
strength of exciton—LO—phonon coupling and £, is
the LO—phonon energy. The fitting results are tabu-
lated in Table 3, where the values for I'j,, are in

fact measured directly at 2 K. While the values ob-
tained for E o of about 40 meV are close to that for
bulk InP, those obtained for o and for I are clearly
different from the values for bulk InP (o = 0.86

weV/K, I'io = 35.9 meV and E o = 42.8 meV).3?

The slight reduction in the value of the optical
phonon energy is consistent with the results ob-
tained on CdSe/ZnS core—shell quantum dots, for
which a reduction to 24.5 from 26.1 meV3* (bulk
value) has been reported.’® Both optical and acous-
tic phonons are seen to contribute to the line

broadening in InP/ZnS core—shell nanocrystals. At
low temperatures the acoustic phonons contribu-
tion is dominant while the optical phonons only

contribute at high temperatures. For instance, at
400 K the contribution to the total temperature-
\ dependent line width from the acoustic phonons
«| is ~85%. This can be seen clearly when only the

acoustic contribution is plotted together with the
constant inhomogeneous contribution, as shown in
Figure 4 (red solid line).

Dot Size Dependence of Photoluminescence Peak Energy
and Excitonic Band Gap. We now turn our attention to
the effect of the size of the QDs on the optical prop-
erties. The sizes of the quantum dots were deter-

mined by low and high-resolution transmission
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Figure 3. Photoluminescence peak energy as a function of tem-
perature for InP/ZnS core/shell nanocrystals of (a) diameter = 1.8
nm and (b) diameter = 3 nm. Solid lines are the results of fit-
ting the data to eq 1 (red) and eq 2 (blue) in the manuscript. The
inset shows a magnified view of the data in the temperature
range of 0—100 K.
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electron microscopy (TEM). Representative TEM
micrographs are shown in Figure 5 for three
samples of InP/ZnS core—shell nanocrystals of dif-
ferent sizes. The NCs reveal themselves in the high-
resolution images (right-hand side in Figure 5) as
nearly spherical particles showing the cubic zinc

. . - . A AN
VOL.3 = NO.9 » 2539-2546 » 2009 ACSN[ANI() | 254



TABLE 2. Parameters Used in the Fit of the PL Peak Energy
as a Function of Temperature (Figure 3) by eq 2

TABLE 3. Parameters Obtained from the Fit of the fwhm of
the PL Peak As a Function of Temperature (Figure 4) by
eq 3¢

(i) (meV)
diameter d (nm) Ep(0) (V) S (Huang— Rhys factor) ge ph diameter d (nm) o (peV/K) Iy (meV) Eio (meV) L'inn (meV)
enerey 18+0.2 180 £ 8 68 =9 40=*5 164
1.8£0.2 2.45 = 0.01 3.02+ 0.02 231*01 21+02 172+ 6 60 + 5 40+5 154
2.1%0.2 242 = 0.01 2.45 * 0.06 23.0 0.2 3.0 +02 210+ 7 63+9 39+6 134
3.0+0.2 2.14 = 0.01 2.94 *0.03 233*0.1 3.8+ 0.1 230+6 56 = 10 39+5 103
3.8+0.1 1.96 = 0.02 1.93 = 0.07 218 =05 45+ 0.1 100 = 4 3 +6 39+ 95
45+0.1 1.83 = 0.02 1.64 = 0.03 22802

“The zero-temperature peak energy £ (0) was measured directly, whereas S and
(hiw) were obtained from the fit.

blende structure of InP. Determination of the diameter
of the QDs was done manually from the images, with an
estimated uncertainty between 0.1 and 0.2 nm, de-
pending on QD size, comparable to widths of size distri-
butions reported in the literature.3® The diameter val-
ues thus determined include twice the thickness of the
ZnS shell, which is calculated to be close to one mono-
layer, based upon the amount of shell precursors used.
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Figure 4. The fwhm of the peak observed in the PL spectra of
InP/ZnS core—shell nanocrystals for two different sizes, as a
function of temperature: (a) diameter = 1.8 nm and (b) diam-
eter = 3.0 nm. Solid lines (blue) are the results of fitting the data
to eq 3 in the manuscript. The contribution to the line width
from the acoustic phonons along with the inhomogeneous
broadening is shown as a red solid line, while the dotted line
corresponds to the inhomogeneous broadening (I';,).
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“The inhomogeneous line width (I';,,) was measured directly while the other pa-
rameters were obtained from the fit.

Up to now most work on size dependence has re-
lied on room temperature data, such as presented here
for illustration in Figure 6, which shows room tempera-
ture emission spectra of our InP/ZnS nanocrystals of dif-
ferent sizes. However, since theoretical work generally
gives zero-temperature energies, it is clearly preferable
to make use of low temperature experimental data,
such as presented in the section above. These results
enable us to examine first of all, the dependence of the
PL peak position on quantum dot size. Figure 7 shows
this variation of the PL peak position (at 0 K) with re-
spect to the diameter d of the InP/ZnS core—shell nano-
crystals. Data from our previous study?' have been in-
cluded as well, and it is gratifying to note that those
earlier PL peak positions obtained from temperature
fits agree with the directly determined values from the
present work. To analyze the corresponding size depen-
dence the data in Figure 7 were fitted to the power
law expression

Ep(d) = Epy(e0) + Ap/d” (4)

where Ep((d) is the PL peak energy of an InP quantum
dot of size d at 0 K, Ep (=) is the PL peak energy of bulk
InP at 0 K (1.375 eV3%) and Ap, is a constant. The result of
the fit is interesting: the shift of the peak position, Ep (d)
— Epi(=0), is found to be close to inversely proportional
to the QD size d (to be precise, the fit yields m = 0.9 =
0.1 and Ap. = 1.9 = 0.2 eV - nm). This is somewhat sur-
prising as the closely related excitonic bandgap has
been predicted to have a distinctly stronger size depen-
dence, ranging for direct-band gap semiconductor
QDs from 1/d? according to effective mass theories®”8
to 1/d"3% according to pseudopotential calculations cor-
rected for the electron—hole Coulomb energy specifi-
cally for InP by Fu and Zunger.*®

As noted above, the PL peak energy in general con-
tains a contribution from the Stokes shift and this com-
plicates comparison with theoretical results. We there-
fore decided to measure on our samples the actual
excitonic band gap by photoluminescence excitation
spectroscopy (PLE), and, moreover, to do so at low tem-
perature (actual measuring temperature = 2 K). The lat-
ter aspect is important, because, as we have already
seen above, E4 shows a significant temperature depen-
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Figure 5. Low-resolution TEM images (on the left) and high-resolution

Another nontrivial issue is what to take as
the physically relevant size of the quantum
dots. Two obvious alternatives present them-
selves. (A) The diameter of the entire InP/ZnS
core—shell NCs as determined from TEM and
used throughout above. This amounts to the
rather extreme assumption that the ZnS shell
does not produce any confinement of electron
and/or hole, as if its electronic structure were
identical to that of InP. (B) The diameter of the
InP core as obtained by subtraction of twice
the shell thickness, that is, 2 X 0.35 = 0.70 nm,
from the TEM-determined value. This amounts
to assuming infinitely strong confinement,
which would seem more realistic because the
InP/ZnS quantum dot electronic structure is
type | and the bandgap of ZnS is considerably
larger than that of InP (viz., 3.84% versus 1.42
eV,* both at low T). Yet this assumption is also
rather extreme, because the electron affinities
of ZnS and InP do not differ much (3.9*° and
4.4 eV,* respectively) so that the conduction
band edges of ZnS and InP are quite close and
consequently electrons are confined only
weakly. Moreover, for such a thin shell it is
not clear to what extent one can rely on con-
siderations based upon bulk band structures.
Therefore one had better consider these two
alternatives as limiting cases, with the first one
overestimating d and the second one underes-
timating d.

Thus we have plotted in Figure 8 the exci-

TEM images (on the right) of three samples of InP/ZnS core—shell

nanocrystals of different sizes: (from top to bottom) 1.8, 3.8, and 4.5
nm, respectively. In the HRTEM image of the 1.8 nm sample a few indi-
vidual nanocrystals have been marked by yellow circles for clarity.

tonic band gaps as measured by PLE versus
the quantum dot diameter d according to al-

dence, so that only low temperature data (below 4 K)
can provide a critical test of theoretical predictions,
which are typically for 0 K.

Emission Intensity (arb. units)

T M T T T M 1 v T T 1 M T
1.6 1.8 2.0 2.2 2.4 2.6 2.8
Energy (eV)

Figure 6. Room temperature PL spectra of InP/ZnS
core—shell nanocrystals of five different sizes: (from left to
right) 4.5, 3.8, 3.0, 2.1, and 1.8 nm, respectively.
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ternative A (Figure 8a) as well as according to
alternative B (Figure 8b). In each case they
were fitted to the power law expression
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Figure 7. Photoluminescence peak energy at zero temperature as
a function of the size of the InP/ZnS core—shell nanocrystals. Solid
squares correspond to the data obtained in the present work,
while open squares are taken from a previous study (ref 21). The
solid line is the best fit to eq 4.
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Figure 8. Excitonic band gap at zero temperature as a function
of (a) the size of the InP/ZnS core—shell nanocrystals and (b) the
size of InP cores. The solid lines are the best fits to eq 5 and the
dotted lines are fits to eq 5 assuming a value of 1.36 for the ex-
ponent as calculated by Fu and Zunger (ref 39).

Egld) = Eyle0) + Ag/dn (5)

where Eq4(d) is the excitonic band gap at 0 K of quan-
tum dots of size d, E4() is the excitonic band gap of
bulk InP at 0 K (equal to 1.42 eV*') and Ay is a constant.
The fits (solid lines in Figure 8) yield for alternative A
(core—shell diameter) A;= 2.5 = 0.2 eV - nm and a value
for the exponent of n = 1.03 = 0.09 (the correspond-
ing 95% confidence interval is [0.75, 1.29]), while for al-

METHODS

Materials. Indium acetate (InAcs), myristic acid (MA), sulfur,
1-octylamine, and 1-octadecene (ODE) were purchased from
Sigma Aldrich; zinc stearate was purchased from Alfa-Aesar; and
tris(trimethylsilyl)phosphine (P(TMS)s;) was purchased from
Strem chemicals.

Synthesis. In our previous study?' InP nanocrystals were syn-
thesized according to the procedure followed by Battaglia et
al In the present work we have used the one-pot approach de-
veloped by Xie et al.® because of the high quantum yields
(30—40%) that can be obtained in comparison to the former.
This helps to monitor the changes in the PL color with increas-
ing temperature in a better way. In a typical synthesis of InP
nanocrystals, 0.2 mmol of InAcs, 0.77 mmol of MA and 4 g of

\\K) VOL.3 = NO.9 = NARAYANASWAMY ET AL.

ternative B (core diameter) one finds A;= 1.5 £ 0.1

eV -nm and a value for the exponent of n = 0.75 +
0.09 (corresponding 95% confidence interval [0.48,
1.02]). For comparison we have also fitted the data to
eq 5 with the exponent n fixed at the value 1.36 calcu-
lated by Fu and Zunger® (dashed lines in Figure 8). The
poor quality of these fits clearly shows that this value
of the exponent is not consistent with our 2 K data,
which is further confirmed by the fact that it is outside
the 95% confidence intervals. We note in passing that
even the (room temperature) data of Mi¢i¢ et al.,>*? from
which Fu and Zunger concluded that n = 1.36 de-
scribes the size dependence rather well (see Figure 3
of ref 39), yield a value of 1.15 = 0.1 for the exponent
n when fitted directly to eq 5 if one uses the appropri-
ate room temperature bulk value for E4(») of 1.35 eV.
Thus we can firmly conclude that not only the PL peak
energy but also the excitonic band gap shows a depen-
dence on QD size that is quite close to inversely linear,
and thus deviates significantly from the dependencies
for direct band gap semiconductor QDs predicted by
current theories®” 3243 which characteristically give
larger exponents.

CONCLUSIONS

The photoluminescence of InP/ZnS core—shell
nanocrystals with various diameters has been investi-
gated as a function of temperature in the temperature
range 2—510 K. We find that the variation of both the
PL peak energy and the PL line width is caused mainly
by the coupling of the e;—h; transition to the acoustic
phonon modes. In the range 2—100 K the Varshni ex-
pression?* describes the variation of the PL peak energy
slightly better than the expression proposed by
O’Donnell and Chen.?

The variation of the zero-temperature PL peak en-
ergy, and, more significantly, the variation of the zero-
temperature excitonic band gap (as measured by PLE at
2 K) as a function of the size of the nanocrystals is found
to be about inversely linear (i.e., n is close to 1), rather
than characterized by an exponent n = 1.36 as pro-
posed by Fu and Zunger.®

1-octadecene (ODE) were loaded into a three-necked flask. The
mixture was heated to 188 °C under argon flow to obtain a clear
solution. On reaching 188 °C a solution of P(TMS); (0.1 mmol)
and 1-octylamine (1.2 mmol) in ODE (0.75 mL in total) was in-
jected rapidly. The injection brought down the temperature of
the reaction to 175 °C for the growth of the nanocrystals. After
45 min, the temperature was lowered down to 150 °C.

The InP/ZnS core/shell synthesis was performed by the suc-
cessive ion layer adsorption reaction (SILAR) method. The zinc in-
jection solution (0.1 M) was prepared by dissolving zinc stearate
in ODE at 140 °C. Similarly the sulfur injection solution (0.1 M)
was prepared by dissolving sulfur in ODE at 120 °C. The zinc and
sulfur precursor solutions (0.6 mL each) were injected sequen-
tially into the reaction mixture at 150 °C. The waiting period be-
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tween each injection was equal to 10 min. After that, the temper-
ature was increased to 210 °C for 20 min to allow the growth of
the ZnS shell. The InP/ZnS nanocrystals were purified from the
reaction mixture by precipitation with acetone and redissolving
them in toluene.

Photoluminescence of InP/ZnS core—shell nanocrystals in
the temperature range 300—510 K was measured directly from
the reaction flask using an Ocean Optics USB 2000 spectropho-
tometer. The temperature was determined using a thermo-
couple inserted directly into the reaction flask. For all nanocrys-
tal sizes UV excitation was done using a Hg lamp, except for the
4.5 nm sized InP/ZnS nanocrystals where excitation was done
by a Philips Lumiled Luxeon blue LED (A= 455 nm). Low temper-
ature (2—300 K) luminescence measurements were performed
using an Edinburgh Instruments spectrofluorometer equipped
with an Oxford Instruments Optistat CF flow cryostat. The solu-
tion of InP/ZnS quantum dots in toluene was cooled in a home-
made quartz cuvette.

Transmission electron microscopy (TEM) was carried out us-
ing a TECNAI F30ST TEM operating at 300 kV. Samples for TEM
studies were prepared by placing a 4 pL toluene solution of
nanocrystals on ultrathin carbon-film-coated copper grids.
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