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Role of the shell thickness in stimulated emission and photoinduced absorption
in CdSe core/shell nanorods
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The effect of the shell thickness on stimulated emission and photoinduced absorption transitions in CdSe
quantum rods is investigated by femtosecond pump and probe spectroscopy. The role of surface/interface
defect states, which result resonant to the high energy states and to the midgap, respectively, is pointed out. We
find that the density of such states depend on the shell thickness and that the interface defects can be negligible
for thin shells. As a result in the latter case stimulated emission can be observed for longer times.
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Strong interest in colloidal semiconductor nanocrystals
(NC) arises from their unique electronic and optical proper-
ties, that can be controlled by their shapes and their sizes.
Nowadays quantum dots (QDs),! quantum rods (QRs),? and
tetrapods NC (Ref. 3) are very promising for biological
labels* and optoelectronic devices.’> Tunable amplified spon-
taneous emission (ASE) and optical gain have been also
achieved®® in colloidal QDs and QRs.

To fully exploit NC potentialities one should know in de-
tail the electronic structure and its relationship to their com-
position. It has been recently demonstrated that surface states
strongly affect the photoinduced processes of NC.>!? Over-
growing the NC with a shell of a higher band-gap semicon-
ductor improves the photoluminescence (PL) quantum yield
(QY) and the stability! and this improvemement depends on
the shell thickness.!! In fact, the strain relaxation at the in-
terface introduces new extended defects'-!? that change NC
optical properties. Electron microscopy observations give
evidence of misfit dislocations in such core/shell (CS)
structures.'? Very recently we have clarified the role of the
surface and interface defects on the competition between
stimulated emission (SE) and photoinduced absorption (PA)
processes in CdSe core and core/shell nanorods.'” In particu-
lar we demonstrated that in core quantum rods the bare sur-
face defects are resonant to the high energy intrinsic levels

PACS number(s): 78.47.+p, 78.67.Bf, 73.22.—f, 71.55.—1i

and they can be passivated by the shell. However, the shell
can introduce new defects which are resonant to the midgap.
As a result the shell reduces carrier trapping from high en-
ergy defects and increases the PL QY, but causes new PA
processes from midgap defects states that compete with SE.
These results demonstrate that the improvement of both the
QR quantum yield and the optical gain requires an effective
passivation of the high energy surface states without the in-
troduction of low energy defect states. As the last states are
probably due to surface strain relaxation, a thinner shell
could be expected to ensure a good compromise between the
two processes.

In this report we study the role of the shell in PA and SE
processes, by comparing the core QR with core/shell QR
with a thin shell (0.50 ML). The comparison of the obtained
results with the one obtained in Ref. 10 for thick shell QR
(0.80 ML) allows us to investigate the role of the shell
thickness'* on the QR photoinduced processes. We demon-
strate that, despite the similar confinement in the core, thin
shell and thick shell samples, strong differences in the photo-
induced properties are present, that are attributed to the dif-
ferent distribution of defect states. In particular we show that
the thin shell partially saturates the surface states, thus allow-
ing us to increase the QY of about one order of magnitude,
without introducing low energy states competing with SE.
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FIG. 2. AT/T differential transmission spectra recorded 4 ps
after excitation (continuous lines), with an excitation fluence of
160 wJ/cm? at 3.18 eV for (a) core and thin-shell CS and (b) core
and thick shell CS sample (the latter investigated in Ref. 10). The
linear absorption spectra are also shown for each sample (dashed
lines).

These effects allow to considerably increase the SE lifetime
with respect to both the core and the thick shell CS QR. In
Fig. 1 schematic energy level diagrams including the defect
states are shown for core and the thick-shell CS nanorods!”
and the one expected for thin-shell CS rods.

Core CdSe and CdSe/CdS/ZnS CS nanorods were pre-
pared following the procedure described in Ref. 15. We used
cores with diameter of 3.5 nm and length of 22 and 29 nm, !¢
on average, with a size dispersion of 14% and cores covered
with a 0.50 and 0.80 ML (Ref. 10) shell which increases the
QY by one order of magnitude up to 4%.

The laser excitation source was the second harmonic
(390 nm, 3.18 eV) of an amplified Ti:sapphire laser which
provides 150-fs, 750-uJ pulses at 780 nm at 1-kHz repetition
rate. Transient transmission changes AT were measured by
pump and probe experiments carried out using the white
light supercontinuum generated in a 2-mm-thick sapphire
plate as the probe beam. Mirrors were used for the supercon-
tinuum to minimize frequency chirp effects. The pump beam
was linearly polarized at the magic angle (54.7°) with re-
spect to the probe. Normalized AT/T spectra were recorded
by an optical multichannel analyzer and the temporal evolu-
tion of AT/T were recorded using standard lock-in technique
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FIG. 3. (a) Bleaching AT/T Kinetics recorded at the X, band of
core and thin-shell CS samples at an excitation fluence of
160 uJ/cm? (grey symbols and line) and 16 uJ/cm? (dark symbols
and line) and of thick-shell CS sample at an excitation fluence of
160 wJ/cm? (grey dotted line) and 50 uJ/cm? (dark dotted line)
together with multiexponential best fits. (b) Zoom in the first 4 ps at
the lower excitation fluence.

and 10-nm bandwidth interference filters. All experiments
were performed with nanorods dispersed in chloroform solu-
tion and at room temperature.

Figure 2 displays normalized chirp-free differential trans-
mission AT/T spectra of (a) the thin-shell CS and of (b) the
thick-shell CS QRs (Ref. 10) together with the spectra of the
corresponding core QRs. The pump and probe delay is 4 ps
and the excitation fluence 160 wJ/cm?”. The linear absorption
spectra are also shown for comparison (dashed lines). In
AT/T spectra bleaching and SE give positive signals, while
negative signals arise from PA processes involving exciton
states or defect states. In our samples the exciton levels are
basically the same because the QRs have the same diameter.
The different lengths do not strongly modify the confinement
energy'® so differences in AT/T spectra have to be ascribed
to differences in the defects distribution or density, which
give rise to different PA transitions.

At energies higher than the first exciton transition X,,, we
observe that the AT/T are due to the overlap of absorption
bleaching and of PA signal that decreases the bleaching sig-
nal with respect to the expected one (by looking at the ab-
sorption spectra). In particular the core AT/T spectrum
shows a negative band at about 2.6 eV. This PA band can be
attributed to surface states photoinduced absorption.'® When
the thin shell is present the AT/T signal at about 2.6 eV

TABLE 1. Decay times in picoseconds for core sample bleaching. X, correspond to 2.21 eV, X; to
243 eV, and X, to 2.58 eV. N, in QRs on average is 2.5, except for data in the last row.

Trise T ) 73 T4
Xo 0.460+0.030 1.2+0.05 13+£1.0 79+15 448+24
X 0.300+0.030 0.5+0.2 7.5+0.1 T4+2 500+15
X5 0.190+0.030 0.360+0.001 17+10 42+10 500+100
Xo(Ng=0.3) 0.300+0.040 0.9+0.03 9.5+1.0 390+5
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TABLE II. Decay times in picoseconds for thin-shell CS
sample. X, correspond to 2.14 eV, X; to 238 eV, and X, to
2.63 eV. Ny in QRs on average is 2.5, except for data in the last
TOW.

Trise T T 73 T4
Xo 0.950+0.030 10.0£1.0 74«3 810+70
X 0.360+£0.030 1.00+£0.05 10.0£0.5 63+9 613+38
X, 0.240+0.030 0.40+0.01 8.5x0.5 63x12 640+40

Xo(Ng=0.3) 0.350+0.008 12.0+2 687+9

becomes positive, due to the PA reduction. It is interesting to
observe that the 2.6 eV signal in thin shell samples is smaller
than the one visible in thick shell rods [see Fig. 2(b)], sug-
gesting an only partial saturation of the surface defects.
Moreover the thin shell overgrowth leads to a AT/T positive
signal in the emission region of the sample, that can be at-
tributed to SE. This suggests that the low energy defect
states, competing with SE in thick shell samples, are not
present in the thin shell ones. Moreover the SE is not evident
in the low energy region of the short core samples [Fig. 2(a)]
while it is present in the longer ones [Fig. 2(b)]. This can be
ascribed to Auger relaxation processes which are higher in
shorter NCs due to higher confinement.!’

In order to determine the role and the energy distribution
of defects we performed time-resolved differential transmis-
sion AT/T measurements at probe energies corresponding to
the exciton transitions X, X; and X, (see Tables caption),
and at lower energies where SE is expected.

Bleaching signals at X, X;, and X, can be fitted with
multi-exponential decays. In Fig. 3 are shown, as an ex-
ample, the data for X, in the core, thin-shell, and thick-shell
CS samples. In Tables I-III we report the best fit decay con-
stants and the rise times for the same QRs. The rise time is
defined as the time interval from the 10% to the 90% of the
rising signal. With a pump fluence of 160 uJ/cm? the aver-
age number of electron-hole pairs excited was Ny=2.5 in
shorter QRs and Ny=3.5 in the longer ones.

In all samples we observe in the first picosecond the same
cascading phenomenon of excited carriers from higher levels
to lower ones: X, is immediately populated (within the time
resolution of the experiment), then rapid intraband relaxation
occurs by intrinsic thermalization processes from X, to X;
and from X to X, band, as we can deduce by the comparison
between the fastest decay time and the rise time of the cor-
responding lower energy band. On the contrary, the lower
exciton level X, shows a different behavior in core and core/
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shell samples. In fact a rapid decay time (of about 1 ps) is
observed in core sample signal and it is attributed to trapping
in defect states, located at the core surface. A thin shell pas-
sivates them, moreover it does not introduce new defects in
the midgap, in contrast to the thick shell where these new
defects are responsible for the fastest relaxation process also
observed in X|,.

The role of trapping mechanism can be further evidenced
by measuring differential transmission dynamics at different
pump fluences. The pump fluence dependence of the X,
bleaching dynamics is reported in Fig. 3(a). The best fit de-
cay times (see Tables I-III) show that in the core sample and
in the thick-shell CS samples the decay time 7 increases as
the pump fluences increases, due to saturation of defects.

In the core and thin-shell core/shell samples a new fast
decay process with decay time 73 is observed at high excita-
tion fluences, and it is attributed to Auger recombination.!”
In the thick-shell sample we observe that 73 becomes faster
at high excitation fluences, also in agreement with the flu-
ence dependence of the Auger process. Note also that the
Auger recombination processes are faster in shorter rods with
respect to the longer rods, even though the population of
excited carriers is reduced (2.5 vs 3.5), as expected from the
higher confinement.!” The other time constants do not de-
pend on the pump fluence.

SE was measured at 2.03 eV for the core and at 1.98 eV
for the thin-shell CS sample. The traces are shown in Fig. 4.
These dynamics show a photoinduced absorption in the first
700 fs, involving defect states, and then a positive signal.
The PA signal in thin-shell sample is smaller than the one
observed in core QRs. This confirms the reduction of the
trapping from highly excited states due to the shell growth.
The positive signal can be fitted with a biexponential decay.
The decay time constants are similar to the bleaching ones 7,
and 73 in both samples. This matching suggests that the re-
laxation processes involved in both signals are the relaxation
from the emitting exciton state (7,) and the Auger recombi-
nation process (73;). We observe that in both samples the
strong Auger recombination prevents to observe in the SE
signal the typical long radiative lifetime of about 1 ns in
these structures.'®

The 7, bleaching lifetime is instead attributed to relax-
ation from the defect states. This decay time is in fact not
observed in the SE dynamics (thus ruling out a relaxation
process of the emitting states) and is in agreement with the
lifetime of the PA at low probe energy (1.90 eV and 1.98 eV)
in the core sample (not shown).

Finally we have determined the upper limit for gain life-
time, by determining how long the SE signal is stronger than

TABLE III. Decay times in picoseconds for thick-shell CS sample. X, correspond to 2.10 eV, X, to
2.29 eV, and X, to 2.58 eV. N, in QRs on average is 3.5, except for data in the last row.

Trise T ] 73 T4
Xo 0.990+0.030 9+1 27+10 122+10 565+20
X 0.530+0.030 0.82+0.05 17+£5 10010 550+20
X5 0.280+0.015 0.487+0.014 22+5 120+10 550+20
Xo(Ng=0.8) 0.280+0.020 0.60+0.03 28.0+10 20050 660+100
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FIG. 4. Time evolution of the SE for the core and thin-shell CS
samples, recorded at 2.03 eV and 1.98 eV respectively. Inset: zoom
in the first 4 ps.

the PA one, after the pump pulse, by considering the ratio
between AT/T in the SE region and at X,, and the ratio be-
tween linear absorption in the region of SE and linear ab-
sorption at X,. As far as the first ratio is higher than the
second one SE is stronger than PA.'” Figure 5 shows these
data. SE is achieved in core, thin-shell and thick-shell CS
samples (at 1.88 eV), but it is longer living in the thin-shell
sample (~150 ps vs 40 ps of the core sample). Moreover in
thin shell the SE lifetime is strongly increased with respect to
thick-shell CS QRs, characterized by a very short living SE
(25 ps) due to defects which trap the carriers below the ab-
sorption onset, resonant to the lowest energy emitting states.
So it appears that the thin shell enhances SE processes, with
respect to bare cores or thick-shell CS QRs, because it re-
duces defects that trap excited carriers and cause photoin-
duced absorption which can compete with SE.

In conclusion we demonstrated that SE strongly depends
on the energy distribution of defects states in NCs, namely,
depends on the presence and on the thickness of the shell. In
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FIG. 5. Time evolution of the SE (more details in the text) for
the (a) core, (b) thin-shell CS samples, and (c) thick-shell CS
samples. The continuous lines represent the SE threshold resulting
from linear absorption spectrum for each sample.

particular in core QRs the defect states are prevalently dis-
tributed resonantly to the higher exciton states. When QRs
are coated the density of these high energy defects is reduced
and the reduction is more efficient for thicker shells. How-
ever, thick shells introduce new defect states at the midgap,
due to strain relaxation at the core-shell interface. The de-
fects density is higher for thick shells, while it becomes neg-
ligible reducing the shell thickness. These conclusions ex-
plain the increase of PL QY and the decrease of PA from
high energy levels in both, thick and thin core/shell QRs,
compared to core samples, and the increase of SE only in
thin-shell CS QRs.
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