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We describe our improved synthesis and optical properties of high quality type 11 CdTe/CdSe nanocrystals (NCs). Specifically,
clear shell-thickness dependences have been observed in the absorption and photoluminescence (PL) spectra and PL decay
profiles as well. The magnitude of the lowest absorption band decreases drastically with large redshift as the shell thickness in-
creases. The origin will be discussed on the bases of the model where the spatial configuration of the lowest electron-hole pair
in the NCs changes from that of type I to type Il as the shell thickness increases. As for the PL lifetime of the lowest electron-
hole excitations, substantial increase is observed with increasing shell thickness. This can also be understood by considering
the spatial configuration; spatial overlap between electron and hole wavefunctions decreases with increasing shell thickness,
thus the lifetime increases. As for the NCs with extremely thin shell (LJ 1IML; 1ML = 0.35 nm), the PL lifetime seems much
longer than expected. This suggests that the thin shells seem imperfect and work rather a kind of trap sites than layers.

1 Introduction Colloidal type Il nanocrystals (NCs)
have been expected to have fascinating optical properties
which arise from spatial separations of strongly confined
electrons and holes. Recently, in type Il core-shell NCs,
such as CdTe/CdSe and CdSe/ZnTe NCs, unique optical
properties were observed, e.g. shifting of photolumines-
cence (PL) toward near infrared [1] and an optical gain in
single-exciton regime [2].

It is important to fabricate and investigate the samples
with high-quality heterointerface and well defined shell
structure for further understandings of optical properties of
the type 1l NCs, because the properties in type 11 NCs are
more sensitive to the condition of the heterointerface and
also of the shell than those in type | NCs.

We have improved the method of synthesis for high-
quality type | CdSe/ZnS NCs [3] based on previous reports
[4-7]. Here we describe at first our recent synthetic path-
ways for high-quality type Il CdTe/CdSe NCs based on our
method improved for the type | NCs. Optical properties
such as absorption and PL spectra are presented, which are
measured on so-obtained high-quality CdTe/CdSe NCs
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with different shell thicknesses (1, 2, 3, 4, 6 and 8 ML,
1ML = 0.35 nm). We characterize the origin of observed
two absorption bands and also a PL band from a compari-
son between experimental and theoretical results.

We describe shell thickness dependence of the PL decay
profiles. Decay times increase basically as the shell thick-
ness increases, while the NCs with 1ML shell seems ex-
ception. Possible mechanism of the PL dynamics in the
CdTe/CdSe NCs will be discussed.

2.1 Samples There are two major improvements in our
synthesis; one is that the purchased organic reagents are
distilled prior to use for purification, and the other the dif-
ferent solvents are used in the core and shell growth pro-
cesses, respectively, to get better achievement. The former
contributes to increase the reproducibility of size and PL
quantum yield, while the latter to decrease linewidths of
absorption and PL spectra of the NCs.

Chemicals and their preparations The organic rea-
gents, i.e. tri-n-octylphosphine oxide (TOPO) and hexa-
decylamine (HDA\) are used as received from Dojin Chem-
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icals and Wako Chemicals, respectively. The regents are
purified by vacuum boiling and distillation.

Pre-diluted dimethylcadmium/trioctylphosphine (Me,Cd
/TOP) solution (1:25 vol. ratio) is purchased from
Trichemical Research. Using the pre-diluted solution in-
stead of non-diluted one reduces the risk due to pyrophoric
nature of Me,Cd. The solution is further diluted with TOP
by a factor of 10 prior to use.

99.999 % Se (Wako Chemicals) and 99.9999 % Te (Fu-
ruuchi Chemicals) shots are used as received, respectively.
Tri-n-octylphosphine (TOP) is purchased from Tokyo

Kasei Kogyo. To prepare 1.0 M Te/TOP (Se/TOP) solution,

mixture of 1.276 g Te (0.79 g Se) and 10mL TOP are heat-
ed to 180 °C for 3 hours under Ar atmosphere. The solu-
tion is further diluted with TOP by a factor of 10 prior to
use.

Synthesis Preparation of CdTe core-NCs proceeds as fol-
lows. 0.64 mL (0.34 mmol Cd) Me,Cd/TOP solution and
0.24 mL (0.24 mmol Te) Te/TOP are mixed with 1.8 mL
TOP and charged into a syringe in a drybox. The syringe is
removed outside with rubber cap. The mixed solution is in-
jected into a vigorously stirred mixture of 8g TOPO and 4g
HDA heated at 120 °C under N, gas in a flask. The injec-
tion resulted in an immediate nucleation of NCs. After the
injection, the temperature is allowed to fall to 70 °C to
prevent from further nucleation, and then is kept at 100 °C
for 1 hour to grow NCs.

The CdSe shells are formed around the CdTe cores as fol-
lows. First, 2 mL of the above mentioned solution contain-
ing CdTe NCs is transferred to another flask which is pre-
heated at 170 °C filled with 6 g pure TOPO under N, gas.
Separately, 0.072 mL (0.09, 0.103, 0.111, 0.244 and 0.263
mL) Me,Cd/TOP solutions and 0.027 mL (0.034, 0.039,
0.042, 0.092 and 0.099 mL, respectively) TOP-Se solu-
tions are mixed with 1 mL TOP and the mixture is charged
into a syringe. Each solution is then added dropwise into
the flask with an interval of 30 seconds. After the reaction,
2 mL solution containing CdTe/CdSe core-shell NCs is
sampled. By repetition of the dropwise addition and sam-
pling processes, six samples with different shell thickness
were obtained subsequently.

After the growth processes, 1 mL anhydrous butanol was
added to avoid solidification of TOPO at room temperature
(RT). The NCs are purified by precipitation with 5 mL an-
hydrous methanol to rinse residual TOPO and HDA, and
finally they are dispersed in 3 mL anhydrous toluene for
optical measurements. All the optical measurements here
were performed at RT.

2.2 Quantum confinement in core-shell NCs In order
to characterize optical properties of CdTe/CdSe NCs, we
simulated the lowest energy and wavefunction of an elec-
tron-hole pair in the core-shell NCs by a simple model cal-
culation assuming spherical shapes of the NCs.

For simplify, we neglect Coulomb interaction effects be-
tween the electron-hole pairs. This assumption is applica-
ble in the regime where the radius of NCs is smaller than

exciton Bohr radius (2 =6.8nm), because the confine-

ment effect is much larger than the effect of Coulomb in-
teractions. Schrédinger equation for the electron and hole

is expressed as
W 2
- * v +Veorh(r) l//eorh(r19’¢):EeorhWeorh(r’91(p)1
2meorh
1)

where 7 and m,,, are Dirac’s constant and effective
mass. Subscript e orh corresponds electrons or holes, re-
spectively. V ., (r) is spherical square-well potential;

Voon (N =V (r<a), VI (a<r<b), V.20 (r>b), (2)

eor eor eorh

where a and b are radii of core and shell, respectively. In
the present case, ., ,(r,0,¢) is separated as

V/eorh(rigi(p): Reorh(r)Yeorh(0’¢)1 (3)

where R, ,(r)and Y., ,(8,p) are the radial wave func-
tion and spherical harmonic function, respectively. The
R. .1 (r) should satisfy the boundary conditions [8]

Rcoreh (a) — Rshell (a)

e or eorh

1 RO 1 RE@)|
*(core) *(shell)
meorh dr r=a meorh dr r=a (4)

Using the wavefunctions derived from Eq. (4), the lowest
2
state energy and \y/e Orh(r,&,gp)\ for electron and hole were
evaluated. Parameters required for evaluations are de-
scribed in the caption.
Figure 1(a) shows an estimated phase diagram for carri-
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Figure 1 (a) Localization phase diagram of carriers in
CdTe/CdSe core-shell NCs. Circles indicate the data of the NCs
used in this paper. The radius of the core CdSe is 1.65 nm. The
thicknesses of the CdTe/CdSe NCs are 1, 2, 3, 4, 6, 8 ML, re-
spectively. ~ m, ™~ m (@ 0.0963,  0.62.
m;, €%y e _ 112,0.45. (b) The values of conduction
band minimum (CBM) and valence band maximum (VBM) en-
ergies of CdTe are -4.65eV and —6.15eV , respectively.
Those of CdSe are —4.94eV and —6.62eV , and of organic
molecules are —1eV and -16eV . The energy zero corren-
ponds to the vacuum level. Grey lines show existence probabil-
ity of an electorn and a hole.
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er configurations in CdTe/CdSe NCs. There are four re-
gimes (A-D in Fig. 1(a)) in the diagram [2]. Grey lines in
Fig. 1(b) show \yxeorh(r,a,(p)\z of carriers in the four re-
gimes, respectively. In regime C, both electrons and holes
are delocalized over the entire hetero-NC volume (type I-
like excitons), while in B electrons and holes are localized
in shell and core, respectively (type Il-like excitons). Cir-
cles in Fig. 1(a) indicate the prepared points of the
CdTe/CdSe NCs used in this work. As can be seen, the
NCs with thicker CdSe shells (=4ML,1ML=0.35nm)
are expected to be type Il NCs.

3 Results and Discussion We describe first opti-
cal properties of well-defined type | CdSe/ZnS core-shell
NCs. Figure 2(a) shows typical examples of absorption and
PL spectra of our CdSe/ZnS NCs. The numbers in the fig-
ures indicate shell thicknesses of the NCs. Lowest absorp-
tion band (A) and higher band (B) are associated with the
electron-hole pair excitations of a 1s-electron and a 1s-hole
and of a 1p-electron and a 1p-hole, respectively [9].

The PL spectra in Fig. 2(a) show narrow and single lines.
Their line-widths are almost similar to the corresponding
absorption band A. The PL band is associated with a re-
combination of a spin-singlet 1s-electon and 1s-hole pairs,
and Stokes shift between the absorption and the PL maxi-
ma is mainly due to electron-phonon coupling [10].

Both the lowest absorption band A and the PL band show
little redshift less than 90 meV even changing the shell
thickness. The small shell thickness dependence surely in-
dicates that the electron and hole are both confined mostly
within the core regions. Circles and squares in Fig. 2(c)
show the peak energies of the absorption band A and the
PL band, respectively. Solid line in Fig. 2(c) show the sim-
ulated energy dependence by the model described in 82.2.
The calculation fits the experimental features quantitative-
ly well.

Now we discuss the features observed in CdTe/CdSe NCs.

Figure 2(b) show the absorption and PL spectra of the NCs
in the present work. Although peak positions of the absorp-
tion maxima might not be legible due to the scale limita-
tion, in the absorption spectra bands A (and B) are also
feasible as indicated positions. Numerical calculations for
non-coated CdTe NCs [9] suggest the existence of the
bands A, B and others. So we conclude, for the moment,
the observed bands A and B are the same origin as that of
the CdSe/ZnS NCs.

The PL spectra show sharp and single lines with moderate
dependence on the shell thickness. The sharpness indicates
that the NCs possess good heterointerface and high-quality
shell as well. Single lineshape ensures that no incidental
nucleations of CdSe NCs take place during the growth of
the CdSe shell. The PL band shift to the lower energy side
appears systematically with increasing the shell thickness.
It is clear the PL is neither due to defects nor impurities.

The overall redshift of the PL band is clearly seen in the
order of 500 meV. The strong dependence on shell thick-
ness can be interpreted qualitatively by considering that the
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Figure 2 Absorption and PL spectra of (a) CdSe/ZnS core-shell
NCs (1 ML = 0.31 nm) and (b) CdTe/CdSe core-shell NCs.
Wavelength of the excitation light is 430 nm. (1 ML = 0.35
nm). Arrows indicate absorption band maxima. (c), (d) Circles
show the energies of the absorption maxima. Solid lines show
the calculated value of the energies of confined electron-hole
pair as a function of shell thickness. The radii of the core of
CdSe and CdTe NCs are estimated as 2.7 nm and 1.65 nm from
the comparison with the energies of absorption maxima of non-
coated NCs with calculated values by Egs. (1) and (4). The
thicknesses of the shell were estimated from the mole-ratios be-
tween core and shell materials. m; “™), m; ") = .28, 0.49.
m, ©®) 7€ — 0,171, 0.7. The values of CBM and VBM
energies of ZnS are -390eV and -7.52eV , respectively.
Those of CdSe are —4.67eV and —7.13¢eV .

electron confinement in the shell region as expected (cf.
regime B in Fig. 1(b)) and thus the energy is sensitive to
the shell thickness. In addition, calculated curve based on
the model in §2.2 fits fairy well the experimental trends as
shown in Fig 2(d). It is noted that such large redshift can
not be deduced if the NCs are type | NCs (see the calcula-
tions for type | CdTe/ZnS and CdTe/CdS NCs in Fig 2(d)).

In the absorption spectra, there is one more specific fea-
ture which supports that the CdTe NCs with a thick CdSe
shell are type 11 NCs. Magnitude of the band A relative to
B decreases drastically as the shell thickness increases,
whereas it is independent in CdSe/ZnS NCs. The decreas-
ing of the magnitude of the band A in the CdTe/CdSe NCs
can be interpreted as the spatial overlap between the elec-
tron and hole wavefunctions decreases as the shell thick-
ness increases, i.e. it is due to the type Il configuration of
the carriers (regime B in Fig. 1(b)). On the other hand, the
magnitude of the band B in the CdTe/CdSe NCs is almost
unchanged, which can be understood by considering that
the energy level of the 1p-electron is much higher than that
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Figure 3 (a) Curves al and a2 show PL decay profiles of non-
coated CdSe NCs and CdSe/ZnS NCs dispersed in toluene solu-
tion, respectively. The broken line shows the response-function
of the system. (b) Curves bl- b5. show PL decay profiles of
non-coated CdTe NCs and CdTe/CdSe NCs.

of the 1s-electron and thus the configuration of the 1p-1p
electron-hole wavefunctions show little alterations.

From these results, we conclude that the CdTe/CdSe
NCs with a thick shell are type Il NCs, and that the origin
of the bands A and B is the same as that of the CdSe/ZnS
NCs. The PL band is assigned to a recombination of an
electron-hole pair composed of a 1s-electon and 1s-hole.

For further insight into the properties of CdTe/CdSe NCs,
we also have investigated the PL decay dynamics as a
function of shell thickness.

Again we describe at first the PL decay profiles of type |
CdSe/zZnS NCs for reference. Curves al and a2 in Fig. 3(a)
show PL decay curves of non-coated CdSe and CdSe/ZnS
NCs with 2.4 ML ZnS shell, respectively. The curve al is
clearly not a simple single-exponential profile, i.e. the PL
lifetime in non-coated CdSe NCs has a wide distribution.
This distribution can be associated with surface states [11].
On the other hand, the decay curve a2 of the CdSe/ZnS
NCs can be roughly approximated by a single exponential
function, and its lifetime is estimated as 37 ns. In type |
NCs, carriers are both confirmed in the core region, which
prevents from accessing to surface states. It is also noted
that the decay time of the coated CdSe/ZnS NCs is almost
independent on shell thickness.

Next, we discuss the PL dynamics of the CdTe/CdSe NCs.

Curves b1 to b5 in Fig. 3(b) show PL decay curves of non-
coated CdTe NCs and CdTe/CdSe NCs with 1, 3, 4 and 8
ML shell, respectively. Strong shell thickness dependence
of decay lifetime is observed in the CdTe/CdSe NCs. The
lifetime of the non-coated NCs is increased by overcoating
even the 1 ML shell (b1 — b2). Then, it decreases as the
shell thickness increases in the range from 1 ML to 3 ML
(b2 — b3). After a bit complicated decrease around 3ML,
the PL lifetime increases again drastically (b3 — b4 — b5).

The lifetime components of the non-coated CdTe and the
CdTe/CdSe NCs with 8 ML shell are estimated by a multi-
exponential fitting; the results are 8.8 ns and 160 ns (major
decay component for each), respectively. As for the large
increase of the lifetime, it is also interpreted by considering

that, in the type Il NCs, spatial overlap of electron and hole
wavefunctions decreases as the shell thickness increases.

On the other hand, it is not clear yet why the increasing
trend of PL lifetime is reversed around 1 to 3 ML. It may
suggest that an electron or a hole confined in the CdTe
NCs with a thin CdSe shell (LU 1ML) tends to be trapped
at part(s) of somewhat imperfect shell structure, which can
work as shallow trap(s).

In summary, we synthesized non-coated CdTe and
CdTe/CdSe core-shell NCs which possess systematic shell
thicknesses (1, 2, 3, 4, 6 and 8 ML). Absorption and PL
spectra, and also PL decay curves, of the NCs were report-
ed. Large redshift and drastic decrease of magnitude of the
lowest absorption band are observed in the NCs with a
thick shell. These results suggest that the NCs with a thick
shell are type Il NCs, i.e. electrons and holes are localized
in shell and in core, separately.

Strong shell thickness dependence of PL decay curves is
also observed in the NCs. Dominant PL decay lifetimes of
non-coated CdTe and CdTe/CdSe NCs with 8 ML shell are
estimated as 8.8 ns and 160 ns, respectively. The pro-
longed lifetime is basically described by considering the
spatial separation of electron and hole wavefunctions. On
the other hand, the lifetime does not show monotonic in-
crease as the shell thickness increases initially. This result
may suggest that at the thin shell (LI 1 ML) stage shells are
rather imperfect.
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