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olloidal semiconductor quantum dots

(QDs) have many potential applica-

tions due to their appealing optical
properties, which can be controlled by
changing their size, shape, and material
composition. The range of possible applica-
tions of QDs was extended recently by the
ability to engineer built-in defects in several
growth procedures.'® In doped QDs, sev-
eral atoms of the host material are replaced
with dopants, potentially leading to changes
in the energetic spectrum of the particles by
creating new electron/hole energy levels
inside the host gap. Such impurities are
often used to manipulate various properties
in desirable and controllable ways, address-
ing key application problems and practi-
cally introducing a new class of functional
materials. For example, doping can be used
to improve the QDs' thermal properties’ or
to control band alignment? thus making
them more suitable for various applica-
tions.? In the context of optical gain, it can
be used to remove the exciton/biexciton
degeneracy which suppresses optical gain
in CdSe QDs.®> Although various dopant ma-
terials were already successfully incorporated
into II—VI QDs, a well founded basic descrip-
tion of the carrier dynamics inside these
materials is missing. In particular, this is the
case for the dynamics of intraband carrier
cooling from the host to the defect state.

In bulk semiconductors, the energy spec-
trum of the electrons and holes is dense
enough so that electron—phonon coupling
is the dominant intraband charge relaxation
mechanism, leading to ~1 eV/ps relaxation
rates.'®'" However, the density of states of
semiconductor QDs is size-dependent, and
in the strong confinement regime, the spac-
ing between the energy levels can reach
hundreds of millielectronvolts, way above
the LO phonon energy. As a result, it was
initially predicted that intraband phonon
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Intraband hole relaxation of colloidal Te-doped CdSe quantum dots is studied using state-

selective transient absorption spectroscopy. The dots are excited at the band edge, and the

defect band bleach caused by state filling of the hole is probed. Close to the defect energy, the

hole relaxation is substantially slowed down, indicating a gap separating the defect state from

the (dSe band edge. A clear dependence of the relaxation time with the QD's size is presented,

implying that the hole relaxation is mediated by longitudinal optical (LO) phonon modes of the

(dSe host. In addition, we find that overcoating the quantum dots by two monolayers of a ZnS

shell extends the hole relaxation time by a factor of 2, suggesting a combined effect of LO

phonons and surface effects governing intraband hole relaxation.
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relaxation rates in QDs will be substantially
lower than in bulk materials.'*'? Surprisingly,
femtosecond pump—probe experiments
showed that in the conduction band the
1P — 1S electron relaxation rate in CdSe
QDs is similar to the intraband relaxation rates
found in bulk materials.'"""*'® To explain this
discrepancy, it was theoretically proposed'®
and experimentally verified'>'”'® that elec-
tron cooling in QDs is governed by an Auger-
type mechanism, where the electron cools
down to the 1S conduction state by transfer-
ring its energy to phonons via Coulomb
interaction with the hole.

Intraband hole relaxation was also dis-
cussed extensively in the literature, and
was found to be dominated by several
relaxation mechanisms.'® In particular,
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Figure 1. Linear and nonlinear absorption and TA dynamics of CdSe:Te QDs. (a) Linear absorption spectrum (blue) and
photoluminescence emission of CdSe:Te (dashed blue) dots with a radius of R = 1.7 nm. The band edge (BE) exciton
wavelength and the emission maximum wavelength are marked with a dash-dot vertical line. (b) Transient absorption
spectrum of the same dots presented in (a) recorded 2 ps after excitation. The doped particles are shown in solid blue and the
undoped in red. (c) Chirp-free population dynamics at the BE transition wavelength (empty blue squares) and at the Te trap
(blue circles). Note the complementary dynamical behavior of the BE and the Te trap state. (d) Energy diagram showing the
hole route from the CdSe valence host to the Te trap. Note: the horizontal axis of (a) is identical to (b) but was removed for

convenience.

three mechanisms were experimentally investigated
including both adiabatic and nonadiabatic phonon-
assisted relaxation'*'>2?" as well as charge relaxation
via surface states. Since the hole effective mass in CdSe
QDs is approximately three times larger than that of
the electron, an Auger-dominated cooling is improb-
able for holes. Cooney et al.?° showed that the 25— 15
hole relaxation is size-independent in CdSe QDs, due to
nonadiabatic phonon relaxation which balances the
adiabatic LO Frohlich interaction. Earlier it was found '
that for CdSe QDs the temporal onset of the band edge
emission, at different energetic distances from a con-
stant pump pulse, is divided into fast and slow regimes.
This was later explained theoretically?® by intraband
energy gaps slowing down the hole adiabatic relaxa-
tion process. In addition, surface passivation using a
thick shell of ZnS resulted in a longer relaxation time,
which suggests charge relaxation through surface
states.?’ As mentioned earlier, these experiments sug-
gest that hole relaxation in [I—VI semiconductor QDs is
not dominated by a single process but is rather con-
trolled by the interplay of several relaxation channels
through which intraband hole relaxation occurs.

In this paper, we extend the study to doped QDs and
look at a particular system which enables us to en-
gineer a single isolated defect state within the host
energy gap, into which the valence band edge hole
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relaxes. Doped QDs have recently been the subject of
intense study' but were not studied in the context of
charge carrier cooling. In view of their possible applica-
tions, it is interesting to study the fundamental photo-
physics of doped dots and, in particular, intraband
charge carrier relaxation pathways in doped semicon-
ductor QDs. The simplest case of doped QDs is de-
scribed by a single isolated energy state within the
energy gap of the host.

Our dots are regular CdSe QDs doped with Te atoms
(CdSe:Te). In these particles, a small cluster of CdTe (less
than 5 atoms) is formed at the early stages of the
synthesis,” over which CdSe is grown. As was shown in
previous experiments,” a spatially localized trap state is
formed within the dot which localizes the hole wave
function.>® Since Te and Se atoms have the same elec-
tronic configuration in the two outer shells, Te doping
is isovalent, meaning that it should not change the
Fermi level of the dot.® However, since a Te atom has
more shells populated with higher electronic levels
compared with Se atoms, when incorporated inside a
CdSe QD, a populated electron energy level is created
above the CdSe valence band edge. Upon excitation at
the band edge, the hole created at the CdSe valence
band edge quickly relaxes to the Te trap where it
radiatively recombines with the conduction band elec-
tron (see Figure 1d). The spatial trap state localizing the
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hole implies a reduced overlap with the electron wave
function and thus a stronger polarization of the host
atoms, which induces a large coupling to high energy
LO phonon modes.? It is thus expected that intraband
charge carrier relaxation dynamics will show significant
dependence on the QDs size. The decay mechanism
and the characteristic cooling time of the hole to the Te
defect and its size dependence are at the focus of this
work. This system enables us to study hole cooling in
the presence of an already cold electron as well as to
control the energetic shift of the trap state from the
valence band edge by changing the QD size. Thus, it is
possible to isolate the hole dynamics and characterize
it as a function of the amount of energy lost in the
cooling process.

We adopt the state-selective transient absorption
approach, recently presented by Cooney et al.' Since
the Stokes shift in CdSe:Te QDs is significantly larger
compared with that of undoped CdSe QDs (see
Figure 1a), it is possible to probe the hole population
directly at the emission band without being affected by
the strong excitation beam. Upon photoexcitation at
the band edge, the electron populates only the lowest
(1S,) state at the conduction band, and the dynamics is
entirely dominated by the hole. By identifying a com-
plementary dynamical behavior between the band
edge and the defect state populations, we find that
hole trapping happens on a subpicosecond time scale.
In addition, we examine the size dependence of the
relaxation rate and show that the trapping time de-
creases when increasing the dot's size. The effect of
surface states on the relaxation rate was examined by
coating the dots with a thin shell (two monolayers) of
ZnS, leading to a longer relaxation time. As will be
explained below, these findings suggest a combined
relaxation mechanism involving LO phonons and sur-
face traps.

RESULTS AND DISCUSSION

Measurements were preformed in the usual pump—
probe configuration. An 800 nm Ti:sapphire amplifier is
used to pump an optical parametric amplifier (OPA)
which produces a wavelength tunable (500—700 nm)
source with pulse duration of 120 fs at a repetition rate
of 1 kHz. This pulse is followed by a white light con-
tinuum pulse, generated by focusing part of the
800 nm beam onto a 3 mm sapphire plate. At each
step, we take consecutive measurements with (o) and
without () the pump, and the relative absorption
Ad. = 0. — 0 is obtained. We use a clear toluene
solution of precipitated CdSe:Te QDs which were
vigorously stirred throughout the measurements. The
power level at each experiment is maintained low
enough (number of excitations per dot per pulse is
less than half) in order to avoid fast multiexciton
dynamics. In Figure 1a, we plot the linear absorption
spectrum of the CdSe:Te particles (solid blue line) and
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on top the absorption spectrum of regular CdSe QDs
synthesized by using a similar synthetic protocol but
without addition of Te. The CdSe:Te QDs have a broader
band edge onset relative to the undoped particles and
a broad Stokes shifted (centered at 625 nm) photo-
luminescence (PL) emission spectrum.’ The Stokes
shift of the emission is due to a Te energy level inside
the gap of the CdSe host (see Figure 1d), created by the
Te dopant.

The band edge absorption of the dots is the first local
maximum of the absorption spectrum (marked with an
arrow in Figure 1a). Moreover, we assume that the
band edge excitation of the CdSe:Te QDs involves only
excited states of the holes. This is especially true in our
case since the Se and Te atoms have a similar ground
state electronic configuration. Thus, if we assume that
the conduction band of the CdSe:Te QDs is unaffected
by the Te replacement,® the next electronic transition is
about 0.35 eV from the conduction edge (for a dot with
R =2 nm). In order not to populate higher conduction
states, in each experiment, we tune the excitation
wavelength to the band edge exciton.

A typical transient absorption spectrum of CdSe:
Te QDs utilizing band edge excitation is shown in
Figure 1b. The effect of the Te doping element is
evident by comparing the chirp-corrected transient
absorption spectra of the doped sample (Figure 1b,
blue solid line) and of undoped CdSe particles (red line)
at about 2 ps after excitation. The transient absorption
spectrum of the doped dots is much broader, extend-
ing to the red far beyond the main exciton bleach
band, revealing additional bleach bands, which are
assigned to the Te defect. The lobe at 625 nm coincides
with the center of the PL emission. The additional
bands centered at 585 and 660 nm (also marked with
dashed line in Figure 1b) are resolved only in the
transient absorption spectrum (not in the absorption
or PL spectra) and are clearly resultant from the
Te defect. Since the nature of this broadening is
not known, in what follows, we address only the peak
that overlaps with the emission maximum of the PL
spectrum.

In Figure 1c, we plot the dynamics probed at the
excitation wavelength (open blue squares) and at the
center of the emission (solid blue circles). The defect
state dynamics shows a delayed rise preceded by a
small dip resulting from induced absorption due to the
band edge population. This recovery from induced
absorption to bleach is the result of state filling of the
defect and is a bleach signal caused by the small defect
absorption band. The band edge population rises
instantaneously 7gg < 180 fs and follows a decay with
an amplitude and time constant matching the dy-
namics probed at the emission wavelength. This com-
plementary behavior is robust and has appeared in all
of the doped samples we have measured. In order to
quantitatively evaluate the defect state bleach band

VOL.6 = NO.4 = 3063-3069 = 2012 ACS\JA]N

s >\

A\

WWww.acsnano.org

3065



0 02 04 06 08 1 1.2
time (ps)

o
3
.

o
i
T

o
w
.

o
(M)
.

Relaxation time (ps)

e
=
"

L

0.15 0.2

Ege—E (eV)

Relaxation time (ps)

0.15 0.2

EgeE (V)

0.25

Relaxation time (ps)

L

0.15 0.2 0.25

Ege—E (eV)

0.05 0.1

Figure 2. (a) Rising population at Ege — E = 80 meV (gray triangles), 170 meV (red squares), and 255 meV (blue circles) for the
intermediate size sample (R = 1.7 nm). (b—d) Inspection of the defect bleach band rise time across the TA spectrum, for three
dot sizes extracted from the same synthesis. The green circles represent time constants obtained from a rising exponent best
fit with 95% confidence bounds. The black line is a linear fit to the increasing part of the plot. The buildup time of the defect
bleach band is extracted by obtaining the value of the fit at the energy corresponding to the maximum of the PL emission
spectrum (dash-dot line in plots b—d). The x and y scales in (b—d) are the same.

dynamics, we have fitted the data to an exponential
function with a single time constant. In the figure,
we plot (in dashed black line) the fit of the function
a (1 F exp~ ") to both the rise of the bleach signal at
the defect (z = 380 fs minus sign) and to the decaying
part of the band edge bleach signal (z = 400 fs plus
sign). A similar time constant is found, which strongly
suggests that the two signals are correlated. Such a fast
relaxation time was also observed in previous experi-
ments measuring hole dynamics.'*2°

Next we examine the size dependence of the char-
acteristic relaxation time to the defect as described
above. Since we have found that the defect relaxation
time slightly changes between syntheses, we have
performed the measurements on samples which were
extracted from the same synthesis. The size of each
sample was determined according to the extinction
coefficient size scaling presented by Yu et al.?* for CdSe
QDs. Figure 2b shows an inspection of the defect
bleach band time constant at each energetic distance
from the band edge energy, for the intermediate size
sample (R = 1.7 nm). The points on the figure are
obtained by the following procedure: We extract from
the time trace of the TA spectrum the relaxation
constant at energies E (see Supporting Information?®
for the data analysis procedure), spreading from the
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band edge energy to the energy corresponding to the
center of the PL emission. The decaying exponent of
each energy is plotted against £ — Egg, where Egg is the
band edge exciton absorption energy. As was stated
above, each curve was fitted (black dashed line) to an
exponential function with a single time constant with
confidence bounds of 95%.

Examples of the fits are shown in Figure 2a, where
the population dynamics for three different energies
across the TA spectrum of the sample mentioned above
is presented.?® In the figure, we plot in blue circles
the dynamics close to the defect emission center
corresponding to £ — Egg = 255 meV in Figure 2b, in
red squares the dynamics corresponding to £ — Egg =
170 meV, and in gray triangles the dynamics corre-
sponding to E — Egg = 80 meV (close to the band edge
excitation). Figure 2b shows that the hole relaxation is
composed of two spectral regimes. For energies less
than about 100 meV, the rise is instantaneous (system
response?® is 180 fs), and above this energy, the rise
time increases linearly. Such a behavior was also ob-
served in an earlier experiment'* probing intraband
hole relaxation in CdSe QDs through transient emis-
sion measurements. In order to have a more accurate
evaluation of the characteristic time of the defect
bleach dynamics, we fit a linear line to the increasing
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part of the data in Figure 2b. This way we minimize the
error in extracting the relaxation time constant at the
energy which corresponds to the difference between
the BE energy and the peak of the PL spectrum.
Using the same procedure, we have analyzed the
defect bleach rise time for the other two samples
obtained from the synthesis. All sample sizes show a
very similar qualitative dynamical behavior (see
Figure 2b—d), namely, a constant regime where the
relaxation time is approximately the system response
and a regime where the decay time increases linearly.
The relaxation times found are subpicosecond, in
agreement with previous TA experiments which mea-
sured hole dynamics in CdSe QDs.'*'>?° The data
present a small inverse dependence of the relaxation
time on the size of the nanocrystals. The largest dot (R=
2.1 nm) has the shortest (0.29 ps) relaxation time and
vice versa. Because of technical system limitation, the
excitation wavelength of the smallest sample is 45 meV
above the band edge absorption (535 nm instead of
525 nm), so that the true relaxation time is expected to
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be longer than the one found in experiment (larger
than 0.5 ps). The same is true for the largest sample
where we pump at 582 nm instead of 588 nm, where
the relaxation constant is expected to be lower than
the value obtained in experiment (smaller than 0.29 ps).
The size dependence of the hole relaxation time in our
experiment is surprising, especially in view of previous
experiments employing initial state selectivity.

The size dependence of the relaxation time is pre-
sented in Figure 3, where we plot the relaxation time as
a function of both the QD radius and the Stokes shift.
There is a clear scaling between the relaxation time and
the energetic distance between the absorption and PL
emission maximum. The error bars along the y-axis
(relaxation time) are derived from the error bars in
Figure 2b—d, and along the x-axis are just the error of
assigning the PL maximum and the band edge exciton
energy. Although the relaxation times are still very
short, the scaling clearly shows that a larger intraband
energy gap slows down phonon-assisted cooling.'"'*
Moreover, this trend implies that the final stage of the
hole relaxation is slowed down by a small density of
states or an intraband gap?? separating the valence
edge of the energy spectrum from the Te defect state.

Another important parameter is the rate of energy
dissipation dE/dt, which can be extracted from
Figure 2b—d, by obtaining the slope of each linear fit
presented in the figure. The results are 0.45 £ 0.035,
0.39 4+ 0.03,and 0.26 £ 0.025 eV/ps for the dot radii R =
2.1,1.7,and 1.3 nm, respectively (values in parentheses
are the standard deviation error bars derived from the
fits). Itis interesting to note that dE/dt < R. Smaller dots
have a smaller LO phonon density of states, and as a
result, their energy dissipation rate is smaller than for
larger dots. This result confirms the central role that LO
phonons have regarding hole cooling in doped QDs.

We have also examined the effect of the surface
on the hole dynamics. Whereas surface effects were
shown to dominate the electron relaxation®® from the
1P — 1S levels, the surface influence on the hole
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Figure 4. Comparison between the hole relaxation time of the CdSe:Te QDs and CdSe:Te/ZnS (with two ZnS monolayers) QDs.
Right plot: Chirp-corrected TA spectrum of CdSe:Te QDs (green solid) and of CdSe:Te/ZnS with two monolayers of ZnS (dash-
dotred), 2 ps after excitation. Left plot: Relaxation time of the two samples as a function of the energy distance from the band
edge exciton. The ZnS passivated sample (red diamonds) clearly shows slower dynamics.
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relaxation mechanism still needs to be accounted
for.'*152% We used a zinc diethyldithiocarbamate as a
single source precursor to overcoat a CdSe:Te R =
1.7 nm QD with two monolayers of ZnS. New CdSe:Te
QDs were prepared for this task by applying the same
synthesis described previously. A comparison between
the TA spectrum of CdSe:Te (green solid) and the
coated CdSe:Te/ZnS QDs (dash-dot red) is presented
in theright plotin Figure 4. The excitation and emission
lines of the dots are marked with vertical lines at
558 and 625 nm. The band edge absorption line and
the emission line of the CdSe:Te/ZnS QDs are slightly
red-shifted compared to the CdSe:Te dots, due to the
shell growth. The ZnS layers form a large potential
barrier separating the hole wave function from the
surface ligands. As a result, the relaxation rate is
suppressed by a factor of 2, where in the ZnS-capped
QDs we find a relaxation time of nearly 1 ps com-
pared to 0.4 ps measured on the same dot before
it was coated. Thus, although the hole is localized
to the Te defect, it is still greatly affected by the
CdSe surface.

CONCLUSIONS

To conclude, we have measured hole relaxation
from the band edge to the Te state in CdSe:Te QDs.
The state-selective excitation enables us to focus on
the hole dynamics and isolate it from electron con-
tributions in the conduction band. The results suggest
that two different mechanisms dominate the hole
dynamics. The first is LO phonon-assisted relaxation,
a process in which the relaxation time of the hole
from the CdSe band edge to the Te defect increases

MATERIALS AND METHODS

(dSe:Te Sample Preparation. To produce CdSe:Te, we follow a
synthesis previously published.” First, 26 mg of CdO and 120 mg
of tetradecylphosphonic acid are mixed in a three-neck 50 mL
flask, dissolved in 8 mL of octadecene (ODE), and brought to
300 °C under an inert atmosphere. In a separate container,
15 mg (0.2 mM) of selenium powder are dissolved in 4 mL of
trioctylphosphine (TOP), to which 0.01 mM tellurium powder is
added. The TOP:Se/Te solution is ultrasonicated until it is clear
and is then swiftly injected to the hot flask. While the reaction is
taking place, we extract several samples of increasing size.
Finally the CdSe:Te QDs are precipitated using toluene and
acetone/methanol for further inspection.

InS Overshell Growth. To overcoat the CdSe:Te dot with ZnS,
we use zinc diethyldithiocarbamate as a single source precursor
dissolved in TOP at a concentration of 0.1 M. The precipitated
CdSe:Te sample (0.05 uM) is dissolved in 1 mL of TOP (with
200 uL of chloroform) and is added to a flask containing 4 mL of
ODE, 1.8 g of octadecylamine, and 1 mL of hexadecylamine. This
mixture is left under vacuum at 120 °C for about an hour. The
temperature is then raised to 150 °C under inert atmosphere,
and the ZnS precursor is added dropwise while the temperature
is slowly raised to 200 °C. To prepare the ZnS precursor, we
dissolve the zinc diethyldithiocarbamate precursor in oleyla-
mine at 0.1 M. The quantity of the ZnS precursor injected was
calculated using the size scaling curve of undoped CdSe pre-
sented in the work of Yu et al*
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substantially when approaching the emission maxi-
mum wavelength. This same behavior was reported by
Xu et al.'"* and was later explained theoretically** by
energy gaps within the valence band created by the
fine structure of the valence band. In our dots, an
energy gap which separates the Te defect from the
valence edge slows down the hole intraband relaxa-
tion, as is shown in Figure 2b—d. The size dependence
found also suggests the involvement of LO phonons
since it directly correlates the energetic Stokes shift
with the relaxation time. This result was also observed
by Xu et al;'* however, the excitation used in that
experiment was fixed (400 nm, the same for all sample
sizes), and higher conduction states are not ideally
excluded from the relaxation process. Size scaling was
also found for the rate of energy dissipation. This
finding further strengthens the conclusion that LO
phonons are taking part in the hole relaxation to the
Te defect in CdSe:Te QDs. However, LO phonons alone
cannot explain the subpicosecond relaxation rates
observed. Thus, another mechanism must participate
in the process. We find evidence that surface effects
have a strong influence on the relaxation time, despite
the fact the final hole state is highly localized inside the
dot. The same dots only covered with two monolayers
of ZnS showed a much longer hole relaxation time
constant (0.9 ps for ZnS covered dots, 0.4 ps for
uncovered dots). Our results show rich photophysics
and intraband dynamics of excited carriers in Te-doped
CdSe QDs and suggest ways for manipulating intra-
band dynamics to better control and extend the hole
relaxation time through the incorporation of dopant
atoms inside 1I—VI semiconductor QDs.
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