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D
oping of semiconductor nanocrys-
tals is attracting significant attention
as a way to introduce new optical,

electronic, and magnetic properties origi-
nating from the dopant ions interacting
with charge carriers of the semiconductor
host in the confined space of the nano-
crystals.1�3 In particular, semiconductor
nanocrystals doped with transition metal
ions have shown interesting luminescence
and magnetic properties applicable in op-
toelectronics and spintronics.4�7 Because of
the spatially confined nature of the nano-
crystals, the interaction of the dopant ions
with charge carriers responsible for many
new properties of doped nanocrystals is
stronger than in their bulk counterparts,
leading to the enhancement of the dopant-
related material properties.2,3 For instance,
Mn phosphorescence and photoinduced fer-
romagnetism in Mn-doped CdS or CdSe
nanocrystals, resulting from exciton�Mn en-
ergy transfer and formation of excitonic mag-
netic polaron, respectively, are stronger due
to the greater overlap of the exciton and
dopant wave functions than in the bulk.2,8,9

The strength of exchange coupling be-
tween the dopant and charge carriers that
dictates the rate of many interesting photo-
physical processes in doped semiconductor
nanocrystals depends on the wave function
overlap of exciton and dopant ions.10,11

Trapping of the charge carriers by the struc-
tural defect and new trap states that can
potentially be introduced by doping, in
addition to the preexisting trap states, also
depends on the electronic coupling of
“donor” and “acceptor” sensitive to the doping
location and concentration.12 Therefore, the
dynamics of photophysical processes of
doped semiconductor nanocrystals, includ-
ing exciton relaxation and energy transfer,
will be strongly affected by the spatial loca-
tion and concentration of dopant within the
nanocrystals.

However, studying the dynamics of the
photophysical processes in doped semicon-
ductor nanocrystals correlated with the
doping location has been challenging partly
due to the difficulties in obtaining doped
nanocrystals with well-defined doping loca-
tion and the added complexity in the dy-
namics. In the majority of the syntheses of
doped semiconductor nanocrystals, the ra-
dial doping location in the nanocrystals was
either random or poorly controlled.13�15

Dynamics measured from an ensemble of
such nanocrystals will be highly heteroge-
neous and information on the doping loca-
tion dependence will be buried under the
structural heterogeneity. So far, only a small
number of studies have addressed the
properties of doped nanocrystals correlated
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ABSTRACT

Dynamics of energy transfer and charge carrier localization in Mn-doped CdS/ZnS core/shell

nanocrystals correlated with doping location and concentration are studied via transient

absorption measurement of exciton relaxation dynamics. The strong dependence of

exciton�Mn energy transfer rate on doping location was directly resolved in the transient

bleach recovery and electron intraband absorption data by using layer-by-layer synthesized

Mn-doped nanocrystals. With 1.2 nm decrease in doping radius in the ZnS shell, energy transfer

rate increases by 6 fold. We identified that hole trapping is the major competing process that

inhibits the energy transfer in Mn-doped CdS/ZnS nanocrystals. From the branching ratio of the

energy transfer and hole trapping, combined with luminescence quantum yield measurement,

we also obtained doping location-dependent radiative relaxation quantum yield of Mn2þ ions

that is as high as 0.95.

KEYWORDS: doped semiconductor nanocrystals . energy transfer . transient
absorption . luminescence quantum yield . exciton dynamics
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with doping location, mostly on the dopant lumines-
cence and its quantum yield in Mn-doped II�VI semi-
conductor nanocrystals.16,17

In this study, we investigated the dynamics of
exciton relaxation and exciton�Mn energy transfer in
Mn-doped CdS/ZnS core/shell nanocrystals correlated
with the radial doping location and doping concentra-
tion via pump�probe transient absorption measure-
ments. For this purpose, we employed a layer-by-layer
synthesis method to prepare the spherical doped
nanocrystals with the largely removed heterogeneity
in the radial doping location.18 The exciton dynamics in
Mn-doped nanocrystals reflects the competition
among many processes such as exciton recombina-
tion, charge carrier trapping and exciton�Mn energy
transfer processes.19�22 From the measurements of
transient absorption at the band-edge andnear-infrared
regions, structurally correlated rates of exciton�Mn
energy transfer and competing charge carrier trapping
process were obtained. The rate of exciton�Mnenergy
transfer was strongly dependent on doping location,
showing ∼6 fold increase with 1.2 nm decrease in
doping radius in ZnS shell in this study. Hole trapping,
occurring on a 50�100 ps time scale, was identified
as the major nonradiative pathway competing with
exciton�Mn energy transfer. In addition, the quantum
yield of radiative relaxation of theMn excited state also
exhibited dependence on the doping location and
concentration, which can become close to unity. In-
formation on the structurally resolved dynamics of
various photophysical processes in Mn-doped nano-
crystals in this study will provide a valuable insight into
the structural control of the properties of doped
semiconductor nanocrystals.

RESULTS AND DISCUSSION

Two different pairs of undoped and Mn-doped
spherical core/shell nanocrystals were synthesized in
this study using CdS/ZnS and CdSe/ZnS core/shell
structures as the host nanocrystals. Mn-doped CdS/
ZnS nanocrystals were used to investigate the doping
radius- and concentration-dependent exciton dy-
namics in the presence of exciton�Mn energy transfer
process. Mn-doped CdSe/ZnS nanocrystals were used
to examine the potential role of Mn2þ ions as the
charge carrier trap since exciton�Mn energy transfer
pathway can be blocked by decreasing the bandgap of
the host nanocrystals.11,23 Both doped and undoped
core/shell nanocrystals were prepared via layer-
by-layer coating of the shell on the premade core
nanocrystals similar to our earlier work.24

Figure 1 displays the representative transmission
electron micrograph (TEM) and schematic diagram of
the doping location of the Mn-doped CdS/ZnS core/
shell nanocrystals used in this study. The nanocrystals
have the average core and total diameter of 3.6 and
7.2 nm, respectively. Mn2þ ions are doped at three

different radial locations in the ZnS shell with average
distance d of 0, 0.6, and 1.2 nm from the interface of
core and shell. A detailed discussion on the determina-
tion of the average doping location is made in the
Supporting Information. For each doping location d

(labeled as a, b, and c), nanocrystals in three different
ranges of doping concentration (labeled as 1, 2, and 3)
were prepared as summarized in Table 1. The three
different doping concentration groups have average
doping concentration of ÆnMnæ = ∼6, ∼12, and ∼22
ions per nanocrystal on average. The diameters of the
core and core/shell nanocrystals were obtained from
TEM. The average Mn doping concentration was mea-
sured from elemental analysis employing inductively
coupled plasma mass spectrometry and the particle
size was determined from TEM.
Figure 2 shows the absorption and photolumines-

cence spectra of undoped and three Mn-doped CdS/
ZnS nanocrystals with ÆnMnæ = ∼6 at various radial
doping locations. Both undoped and Mn-doped nano-
crystals exhibit very similar absorption spectra, sup-
porting that the core size and shell thickness are nearly
identical in all the samples. Undoped nanocrystals
show that exciton fluorescence peaked at 433 nm.
In Mn-doped nanocrystals, exciton fluorescence was

Figure 1. (a) TEM of typical Mn-doped CdS/ZnS nanocryst-
als. (b) Schematic diagram of the structure of theMn-doped
CdS/ZnS nanocrystals and exciton wave function distribu-
tion; d is the radial doping location of Mn2þ ions (yellow
dots). VB and CB are valence and conduction band.

TABLE 1. Exciton (Φex) and Mn (ΦMn) Luminescence

Quantum Yield and Mn Luminescence Lifetime (τMn) of

Doped CdS/ZnS Nanocrystals of Varying Doping Location

(d) and Concentration (ÆnMnæ)

sample d (nm) ÆnMnæ Φex ΦMn τMn (ms) φMn
a τMn/τMn,r

b

undoped 0 0.35
a1 0 5.3 0.02 0.70 5.2 0.86 0.83
a2 0 13 0.01 0.71 4.6 0.80 0.73
a3 0 20 0.00 0.50 3.3 0.56 0.52

b1 0.6 6.1 0.01 0.76 6.0 0.95 0.95
b2 0.6 11 0.01 0.75 5.8 0.87 0.92
b3 0.6 24 0.00 0.71 4.0 0.79 0.63

c1 1.2 6.4 0.04 0.41 5.1 0.72 0.81
c2 1.2 13 0.02 0.41 4.8 0.68 0.76
c3 1.2 21 0.01 0.46 3.3 0.56 0.52

aφMn is the radiative relaxation quantum yield of Mn obtained from ΦMn and
relative efficiency of energy transfer (fET).

b The ratio between the measured τMn
and the hypothetical radiative lifetime of τMn,r = 6.3 ms. See the text.
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nearly quenched while the sensitized Mn phosphores-
cence appeared at ∼600 nm arising from the dipole-
forbidden ligand field transition (4T1 f

6A1) following
exciton�Mn energy transfer.2,25 Mn phosphorescence
emission blue shifts as Mn2þ ions are doped closer to
the surface of the nanocrystals. This was previously
explained by the difference in the local pressure at a
different radial doping location resulting from the
lattice mismatch at the core/shell interface.17 The
luminescence quantum yields of both exciton (Φex)
and Mn (ΦMn) and lifetimes of Mn luminescence (τMn)
from Mn-doped nanocrystals are shown in Table 1.
To investigate the doping location-dependent ex-

citon relaxation and energy transfer dynamics in un-
doped andMn-doped CdS/ZnS nanocrystals, a pump�
probe transient absorption (ΔOD) measurement was
made on colloidal solutions of the nanocrystals. The
bleach recovery at 420 nm and the decay of induced
absorption at 880 nm were measured as shown in
panels a�c and d�f of Figure 3, respectively. Each

panel compares the ΔOD data of the nanocrystal
samples with different doping location but in the same
doping concentration group. At the probe wavelength
of 420 nm, corresponding to the interband transition at
the peak of the first excitonic absorption, ΔOD data
reflects primarily the electron dynamics. In undoped
nanocrystals, it represents the combined dynamics of
the radiative recombination of exciton and removal of
the electron population from the conduction band by
electron trapping as depicted in Figure 4.19�21,26,27 In
Mn-doped nanocrystals, the bleach recovery has an
additional contribution from exciton�Mn energy transfer.
However, the hole dynamics, such as hole trapping, has
little spectroscopic signature at this wavelength in
both undoped and doped nanocrystals.19,20 In some
cases, the dopant can also function as the electron or
hole trap. However, substitutionally doped Mn2þ ions
in CdS/ZnS host function as energy acceptors rather
than charge carrier acceptors because the charge
transfer between a Mn2þ ion and valence or conduc-
tion band is energetically more expensive than the
bandgap transition.5

The induced absorption probed at 880 nm exhibits
the dynamics that is nearly amirror image of the bleach
recovery measured at 420 nm, although the amplitude
is ∼50 times smaller. The similarity of the dynamics

Figure 3. (a�c) Bleach recovery probed at 420 nm and (d�f) induced absorption probed at 880 nm of undoped (black) and
Mn-doped CdS/ZnS nanocrystals of varying doping locations and densities. Doping location d = 0, 0.6, 1.2 nm for green, red,
and cyan curves, respectively. Each panel compares the samples belonging to the samedoping concentration group as noted
on top of each column.

Figure 2. Absorption (solid line) and photoluminescence
(dashed line) spectra of undoped (black line) andMn-doped
CdS/ZnS nanocrystals with different doping location
(d) with ÆnMnæ = ∼6. Green, red, cyan are for d = 0, 0.6,
1.2 nm, respectively.

Figure 4. Photophysical processes following the excitation
of exciton in Mn-doped semiconductor nanocrystals.
CB and VB are conduction and valence band. Dashed lines
within the gap represent trap states.
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represented in the data at both probe wavelengths is
clearly seen in Figure 5, where the normalized |ΔOD|
are compared. In our previous study, we ascribed the
induced absorption at 880 nm observed in a similar
Mn-doped nanocrystal sample to the intraband ab-
sorption of the electrons mixed with absorption from
the trapped exciton, although its nature (i.e., electron
vs hole trap) was not clearly identified.24 Therefore,
|ΔOD| data at these two probe wavelengths contain
similar information on the electron dynamics at low
initial exciton densities (e.g., <1 exciton/particle),
although they become increasingly dissimilar at higher
excitation densities due to the saturation of the
bleach.28�30ΔODdata fromall theMn-doped nanocrystal
samples at both probe wavelengths share the follow-
ing common general features. They exhibit the dy-
namics occurring on two clearly separated time scales.
The fast component, with a few to tens of ps dynamics,
becomes faster with increasing doping concentration
and smaller value of d. The slower component has
∼1 ns time constant and does not exhibit noticeable
dependence on the doping concentration or location.
We first discuss the bleach recovery data probed at

420 nm in Figure 3a�c. To extract the time scale of the
dynamics, we fit the data to the sum of three expo-
nential functions, �Σri exp(�t/τi). The data with an
extended time window (750 ps) and the overlaid fit
result are also provided in Figure S4 of Supporting
Information. The fitting parameters are summarized in
Table 2, where ri is the relative amplitude of the
exponential function with time constant τi. The fast
component in the dynamics was fit with two exponen-
tial functions with time constants τ1 and τ2. The slow
component was fit with a fixed single exponential time
constant of 1 ns. The fast component represented by
the average time constant τavg = (r1τ1 þ r2τ2)/(r1 þ r2)
can be assigned to exciton�Mn energy transfer that
depletes both the electron and hole population. A
single exponential function did not fit the fast compo-
nent very well, especially for the doped nanocrystals
with d = 0. This is probably due to the remaining

distribution of the actual doping radius, since the core
is not a perfect sphere. Statistical distribution of the
doping concentration may also have contributed to
the departure from the single exponential kinetics. The
slow component, exhibiting essentially the same dy-
namics as that of undoped nanocrystals, can be inter-
preted in different ways. One interpretation is the
presence of undoped nanocrystals within the ensem-
ble of nanocrystals, resulting in the heterogeneous
kinetics, similar to the observation made in quantum
dot-dye Förster resonance energy transfer (FRET) pairs
with a low surface density of dyes.27 However, we ruled
out this possibility for the following reasons. First, the
fraction of undoped nanocrystals in the ensemble of
nanocrystals should be <1% in all of our samples, if the
doping concentration follows Poisson statistics. The
small remaining exciton fluorescence results from the
competition between radiative exciton relaxation and
other processes, not from the undoped nanocrystals.
Second, the amplitude of the slow-recovery compo-

nent (r3) varies largely with the doping location for a
given doping concentration, indicating that the slow
dynamics is not associatedwith undoped nanocrystals.
The alternative explanation involves the charge

carrier trapping, more specifically hole trapping, which
inhibits exciton�Mn energy transfer while not influenc-
ing the electron dynamics probed at the band-edge.
The effect of hole trapping on the electron dynamics
explains very well the observed ΔOD data probed at
420 nm as follows, although the hole trapping itself is
spectroscopically silent at 420 nm. The inhibition of
exciton�Mn energy transfer process by the hole trap-
ping allows a fraction of nanocrystals to avoid the
depopulation of the electron in conduction band
occurring via exciton�Mn energy transfer. Therefore,
the fraction of Mn-doped nanocrystals undergoing
hole trapping will exhibit the similarly slow bleach
recovery dynamics as the undoped nanocrystals unless
doping introduces an additional electron trap. In this
case, the relative amplitudes of the fast and slow

TABLE 2. Multiexponential Fitting Parameters of ΔOD

Data Probed at 420 nm to �Σri exp(�t/τi)

sample r1 r2 r3
a τ1 (ps) τ2 (ps) τavg (ps)

b τtr (ps)
c

a1 0.44 0.37 0.18 0.88 32 15 67
a2 0.52 0.37 0.12 0.63 16 7.2 55
a3 0.62 0.27 0.11 0.56 12 3.8 30

b1 0.36 0.44 0.20 2.5 33 19 77
b2 0.44 0.42 0.14 2.1 27 15 89
b3 0.54 0.36 0.10 1.3 18 8.0 70

c1 0.28 0.29 0.43 18 141 80 106
c2 0.23 0.38 0.39 6.6 63 42 64
c3 0.38 0.45 0.17 3.8 45 26 125

a r3 is the amplitudes for τ3 fixed at 1 ns.
b τavg = (r1 τ1þ r2 τ2)/(r1þ r2).

c τtr =
1/(ftr(τtr

�1 þ τET
�1)).

Figure 5. Comparison of the normalized |ΔOD| data probed
at 420 (solid line) and 880 nm (dashed line). Undoped
nanocrystal (black line), sample b1 (green line), sample c1
(red line).
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bleach recovery represent the branching ratio be-
tween the energy transfer and hole trapping.
The inhibition of exciton�Mn energy transfer pro-

cess by the charge carrier trapping can be understood
from the large reduction in the wave function overlap
between the donor and acceptor upon the trapping of
the charge carrier if the exchange coupling of exciton
and Mn2þ ion mediates the energy transfer.5,24,31

According to Dexter's theory of energy transfermediated
by exchange coupling, the probability of energy transfer
(P) is proportional to the coulomb interaction of two
charge clouds Q0(r1) and Q(r2) in the following way.32

P�

�����
Z

Q0(r1)
1
r12

Q(r2) dr1 dr2

�����
2 Z

Fd(E) Fa(E) dE

Q0(r1) ¼ ψ�
exciton(r1) ψMn(excited)(r1),

Q(r2) ¼ ψ�
Mn(ground)(r2) (1)

Here, ψexciton, ψMn(excited), and ψMn(ground) represent the
wave functions of exciton and the excited and ground
states of Mn2þ ion, respectively. Fd(E) and Fa(E) are the
normalized emission and absorption spectra of donor
(exciton) and acceptor (Mn2þ ion). Therefore, the large
reduction inQ0(r1) from the trapping of charge carriers will
greatly diminish the rate of the energy transfer.
In principle, both the electron trapping and hole

trapping can inhibit exciton�Mn energy transfer. We
concluded that hole trapping is the major process
inhibiting the energy transfer for the following reason.
In undoped nanocrystals, electron trapping time should
be longer than the bleach recovery time probed at the
band-edge (∼ns) that reflects the depopulation of
electron in conduction band via both radiative and
nonradiative pathways.20 If the electron trapping in
Mn-doped nanocrystals is similar to undoped nano-
crystals as indicated by the insensitivity of τ3 on doping
concentration, it will be too slow to compete with the
energy transfer process that is orders of magnitude
faster. Furthermore, if the electron trapping contrib-
utes significantly to the inhibition of the energy
transfer, it should also be reflected in the slow compo-
nent of the bleach recovery (τ3), showing the faster
recovery with the increasing electron trapping. The
fact that the fixed time constant of τ3 = 1 ns can
describe the slow recovery component in both un-
doped and doped nanocrystals regardless of the dop-
ing concentration argues against the participation of
electron trapping in the inhibition of the energy trans-
fer. A separate experiment performed in Mn-doped
CdSe/ZnS nanocrystals also indicates that Mn doping
does not introduce an additional electron trapping at
low doping concentrations as will be discussed later in
more detail. On the other hand, hole trapping is
considered to occur faster than electron trapping, as
suggested by a number of earlier studies, therefore
capable of inhibiting exciton�Mn energy transfer.20,21

Furthermore, the hole trapping that inhibits exciton�Mn
energy transfer process explains the observed bleach
recovery dynamics very well as discussed above.
On the basis of the above argument, r1þ r2 and r3 in

Table 2 can be interpreted as the relative efficiency (or
branching ratio) of exciton�Mn energy transfer (fET)
and hole trapping (ftr) processes, respectively. Since
the time scale of the fast recovery is 1�2 orders of
magnitude faster than the bleach recovery in undoped
nanocrystals, we can readily assign the fast recovery
component almost exclusively to exciton�Mn energy
transfer provided that there is no additional electron
trapping. Under this condition, the hole trapping time
(τtr) can be obtained from the relative hole trapping
efficiency (ftr) and energy transfer time (τET) via ftr =
τtr

�1/(τtr
�1 þ τET

�1), where τavg is taken as τET. The
average hole trapping time at each doping location is
Æτtræ ≈ 50, 80, and 100 ps for d = 0, 0.6, and 1.2 nm,
respectively.
It is interesting to note the differences in the role of

hole trapping in the energy transfer in Mn-doped
nanocrystals and quantum dot�dye FRET pairs. In
quantum dot�dye FRET pairs, the energy transfer
between quantum dot and dye molecules adsorbed
on the surface is of the Förster-type mediated by the
dipole coupling of donor and acceptor. The hole-
trapped excitons are believed to participate in the
quantum dot�dye energy transfer process.33 On the
contrary, hole trapping in Mn-doped nanocrystals
seems to be very effectively inhibiting the energy
transfer. However, the energy transfer in Mn-doped
CdS/ZnS nanocrystals can readily outcompete the hole
trapping by an order of magnitude and can exhibit a
very high quantum yield of Mn luminescence (ΦMn) as
shown in Table 1.
In Figure 6, the rate constant (1/τET) of the energy

transfer process obtained from the exponential fitting
ofΔOD data is shown for all Mn-doped nanocrystals as
a function of both the doping location and concentra-
tion. Two clear trends are observed. With increasing

Figure 6. Doping location-dependent energy transfer rate
constant (1/τET). The solid lines are trend lines assuming the
energy transfer rate is linear to the average Mn doping
concentration.
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doping concentration, 1/τET increases linearly for all
the Mn-doped nanocrystals of different doping loca-
tion, indicating that each Mn2þ ion has approximately
an equal contribution as the energy acceptor at a given
radial doping location.When the radial doping location
is varied, the slope of the lines in Figure 6 increases
rapidly as the dopant ions get closer to the center of
the nanocrystals. With 1.2 nm change in the radial
doping location, the rate of the energy transfer varies
by 6 fold. We attempted to fit the donor�acceptor
distance (RDA) dependence of the energy transfer rate
(kET) to the Dexter energy transfer model eq 232 using
the slopes in Figure 6, although we have a limited
number of data points.

kET � exp( � 2RDA=L) (2)

The value of L that represents the sum of van der Waals
radii of donor and acceptor obtained from the fit is
1.4 nm, which is significantly smaller than the radius of
CdS core (1.8 nm) and exciton Bohr radius in CdS
(2.8 nm).34 However, the largely different conduction
(∼1 eV) and valence (∼0.2 eV) band offset in CdS/ZnS
core/shell, giving rise to the different spatial extent of
electron and hole wave function, makes it less straight-
forward to apply eq 2 to describe the distance depen-
dence of the energy transfer rate. A further study will
be needed to address this issue more quantitatively.
Since the energy transfer observed in Mn-doped

CdS/ZnS nanocrystals is much faster than other radia-
tive and nonradiative exciton relaxation pathways, the
quantum yield of Mn luminescence can be quite high.
In fact, all Mn-doped nanocrystals studied here exhibit
a higher Mn luminescence quantum yield (ΦMn) than
exciton luminescence quantum yield (Φex) of undoped
nanocrystals. The large luminescence quantum yield of
Mn-doped nanocrystals is also partly due to the dom-
inating radiative relaxation of the Mn excited state. Mn
luminescence quantum yield (ΦMn) can be expressed
asΦMn = fET� φMn, where fET and φMn are the efficiency
of the energy transfer and quantum yield of the
radiative relaxation of Mn, respectively. φMn calculated
from themeasured values ofΦMn and fET is also shown
in Table 1. It is interesting to note that φMn decreases
with decreasing τMn and that it is as high as 0.95 in
sample b1 that has the longest Mn luminescence
lifetime (τMn = 6 ms). Although the dependence of
the radiative lifetime of Mn excited state (τMn,r) on the
doping location and concentration is unknown in our
study, we calculated τMn /τMn,r and compared with φMn

in Table 1 assuming that τMn,r = 6.3 ms and indepen-
dent of the doping location and concentration.35 The
values of τMn/τMn,r are very close to the experimentally
determined φMn for most of the samples, suggesting
that the variation of τMn reflects largely the change of
φMn with varying doping location and concentration.
The generally decreasing φMn with increasing doping
concentration observed in this study can be ascribed to

the increasing Mn�Mn antiferromagnetic interaction
at shorter interdopant distance that can enhance the
nonradiative relaxation of Mn.36,37 These observations
clearly indicate that the doping location and concen-
tration not only determine the rate of exciton�Mn
energy transfer but also influences the radiative quan-
tum yield of dopant ions. These results also provide
a much clearer picture of the sensitization of Mn
phosphorescence in Mn-doped nanocrystals than
the earlier study solely based on the quantum yield
measurement.16

Nowwe turn to the induced absorption data probed
at 880 nm. As shown in Figure 5, the decay of the
induced absorption at 880 nm exhibits very similar
dynamics to the bleach recovery probed at 420 nm.
The parameters from the multiexponential fitting of
the data are summarized in Table 3. The same kinetic
scheme employed to interpret the bleach recovery
data describes the dynamics of the data obtained at
880 nm. The fast decay component is ascribed to the
depopulation of electron by the energy transfer. The
slow decay component reflects the depopulation of
electron in hole-trapped nanocrystals that do not
experience the energy transfer. On the other hand,
the time scales of the fast component (τavg) in 880 nm
data are somewhat longer and the relative amplitudes

TABLE 3. Multiexponential Fitting Parameters of ΔOD

Data Probed at 880 nm to Σri exp(�t/τi)

sample r1 r2 r3
a τ1 (ps) τ2 (ps) τavg (ps)

b

a1 0.37 0.41 0.22 2.4 35 20
a2 0.51 0.34 0.15 1.6 21 9.4
a3 0.52 0.28 0.20 1.3 15 6.0

b1 0.32 0.44 0.24 6.8 42 27
b2 0.30 0.53 0.17 3.0 29 20
b3 0.53 0.35 0.12 3.0 27 12

c1 0.23 0.31 0.46 20 148 92
c2 0.23 0.35 0.42 13 79 53
c3 0.28 0.45 0.27 6.4 48 32

a r3 is the amplitudes for τ3 fixed at 1.3 ns.
b τavg = (r1τ1 þ r2τ2)/(r1 þ r2).

Figure 7. Bleach recovery of CdSe/ZnS nanocrystals at
590 nm. Undoped (black, dashed) and Mn-doped with
ÆnMnæ = 2.3 (red), 40 (cyan).
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of the slow component (r3) are larger than in 420 nm
data. These small differences may partially be due to
the potentially different effect of the hole trapping on
the absorption cross sections of the interband and
electron intraband transitions in Mn-doped nanocrys-
tals. Besides these differences, the induced absorption
probed at 880 nm essentially carries the same informa-
tion as the bleach recovery data in our study. However,
it is worth noting that the induced absorption probed
at the near-infrared region can be used to study the
exciton dynamics at relatively high exciton densities,
where the bleach recovery at the band-edge cannot
access. This is because the amplitude of the induced
absorption scales roughly linearly with the initial
photoexcited exciton densities, whereas the bleach
recovery rapidly saturates.24,29

To examine whether doping of Mn introduces an
additional electron trap, we compared the bleach
recovery data at the band-edge in undoped and Mn-
doped CdSe/ZnS nanocrystals that do not exhibit
exciton�Mn energy transfer. The diameters of CdSe
core and CdSe/ZnS core/shell are 5.2 and 6.1 nm,
respectively. In this host nanocrystal, the energy trans-
fer process is blocked since the bandgap of the host
(λ = 590 nm) is smaller than the energy of accepting
ligand field transition onMn2þ ions.23 According to the
excitation spectra of Mn-doped ZnS nanocrystals stud-
ied earlier, the lowest ligand field transition (6A1f

4T1)
was centered around 520 nm, while emission (4T1f

6A1)
occurred at 590 nm. The large Stokes shift was ascribed
to the strong coupling of the ligand field transition to
LO phonon mode of the host matrix with a Huang�
Rhys factor of ∼3, which also accounts for the broad
width of Mn luminescence.38

Figure 7 shows the bleach recovery data of undoped
andMn-doped CdSe/ZnS nanocrystals with ÆnMnæ = 2.3
and 40 at d = 0 nm pumped at 395 nm and probed at
590 nm. The bleach recovery dynamics of the undoped
and Mn-doped nanocrystals with ÆnMnæ = 2.3 are
virtually identical, indicating that doping Mn2þ ions
does not introduce an additional electron trapping at a
low doping concentration. In addition, the similar
photoluminescence quantum yield of undoped (Φex =

0.22) and Mn-doped (Φex = 0.21) CdSe/ZnS nanocrys-
tals also indicates that Mn doping at low densities does
not introduce an additional charge carrier trapping
that leads to the nonradiative relaxation of excitons.
While CdSe was used as the core instead of CdS to
prevent the energy transfer, the evidence for the
absence of an additional electron trapping in CdSe is
consistent with the insensitivity of τ3 to Mn doping in
the CdS/ZnS host that is also indicative of the absence
of the additional electron trapping. However, at much
higher doping concentrations, for example, ÆnMnæ = 40,
the bleach signal begins to show faster recovery and
the quantum yield of exciton luminescence decreases.
This observation suggests that significantly more addi-
tional charge carrier traps can be created including
electron traps at very high doping concentrations,
perhaps due to the creation of a structural defect.
In conclusion, doping location-dependent dynamics

of exciton relaxation and energy transfer in Mn-doped
CdS/ZnS nanocrystals are investigated via transient
absorption measurements. By using the doping loca-
tion- and concentration-controlled nanocrystals that
removed a major structural heterogeneity, previously
unavailable information on the dynamics of energy
transfer and competing hole trapping is obtained. The
rate of exciton�Mn energy transfer exhibited a strong
dependence on the doping radius for a given doping
concentration and occurred on the time scales of a few
to tens of picoseconds within the range of the doping
concentration of this study. In the competition be-
tween exciton�Mn energy transfer and charge carrier
trapping that inhibits the energy transfer, hole trap-
ping was identified as the major process competing
with exciton�Mn energy transfer. Due to the fast
energy transfer that efficiently competes with nonra-
diative relaxation pathways, Mn-doped nanocrystals
exhibited much higher luminescence quantum yield
than undoped nanocrystals. Knowledge on the struc-
turally resolved dynamics of various photophysical
processes in Mn-doped nanocrystals obtained in this
study will provide a valuable insight into the structural
control of the properties of doped semiconductor
nanocrystals.

METHODS

Synthesis of Nanocrystals. The undoped and Mn-doped CdS/
ZnS or CdSe/ZnS core/shell nanocrystals were prepared using
the layer-by-layer coating and doping methods following the
published procedures with some modifications.18,39,40 CdS
nanocrystals were synthesized by injecting 1-octadecene
(ODE) solution of sulfur (0.25 M, 2.0 mL) to the mixture of
cadmium oxide (0.126 g), oleic acid (2.02 g), and ODE (12.0 mL)
heated at 250 �C under nitrogen atmosphere. After the injec-
tion, the growth temperature was dropped to 240 �C. The
nanocrystals were precipitated with acetone after cooling to
room temperature. The precipitate was further rinsed twice by
dissolving and precipitating with toluene and methanol. CdSe

nanocrystals were prepared by injecting the tributylphosphine
solution of selenium (10% w/w, 0.80 g) to the mixture of
cadmiumoxide (0.250 g), hexadecylamine (2.85 g), trioctylphos-
phine oxide (1.15 g), tetradecylphosphonic acid (1.09 g), and
tributylphosphine (1.00 g) at 295 �C under nitrogen atmo-
sphere. Subsequently, the growth temperature was lowered
to 275 �C. After reaching the desired nanocrystal diameter, the
solution was cooled to 60 �C and a mixture of octanoic acid and
toluene (∼7 mL each) was added. The precipitated CdSe
nanocrystals were rinsed by the repeated dispersion and pre-
cipitation using toluene and methanol, respectively.

To dope Mn2þ ions on the surface of CdS nanocrystals (d =
0 nm), an oleylamine (OAm) solution of manganese diethyl-
dithiocarbamate was added to the CdS nanocrystals in ODE and

A
RTIC

LE



CHEN ET AL. VOL. 6 ’ NO. 1 ’ 583–591 ’ 2012

www.acsnano.org

590

OAm at 220 �C and cooled to room temperature after 20 min.
For the Mn2þ ions doped in ZnS (d = 0.6 and 1.2 nm), an ODE
solution of sulfur and OAm solution of manganese acetate were
added to the CdS/ZnS nanocrystals in ODE and OAm at 260 �C.
The solution was cooled to room temperature after 20 min.18

The cleaning procedure is the same as that of CdS nanocrystals.
After cleaning the nanocrystals, an extra ZnS shell was coated to
ensure that theMn2þ ions are embedded in the nanocrystals. To
coat an extra ZnS shell on the surface of Mn-doped or undoped
nanocrystals, the mixture of the nanocrystals, OAm, and ODE
were initially heated to 220 �C under nitrogen atmosphere
followed by the addition of an ODE solution of sulfur and zinc
stearate alternately during a 10 min interval. The cleaning
procedure is also the same as that of CdS nanocrystals.

Quantum Yield Measurement. The luminescence quantum
yields of exciton (Φex) andMn (ΦMn) in undoped andMn-doped
nanocrystals weremeasured using either standard dye or CdSe/
ZnS nanocrystals of known quantum yield as the reference
material. In all the measurements, hexane was used as the
solvent for the nanocrystals, and 370 nm light from a xenon
lamp was used as the excitation source. Φex of both undoped
and Mn-doped CdS/ZnS nanocrystals was measured using
quinine sulfate in 1.0 N aqueous H2SO4 solution (quantum
yield = 0.546)41 as the reference dye. For the measurement of
ΦMn, undoped CdSe/ZnS nanocrystals emitting at 600 nmwere
used as the reference material since no organic dye has
sufficiently large Stokes shift that matches the absorption and
emission spectra of Mn-doped nanocrystals.7 The quantum
yield of undoped CdSe/ZnS reference nanocrystals was mea-
sured using rhodamine 101 dissolved in ethanol under nitrogen
atmosphere (quantum yield = 1.00) with excitation at 550 nm.42

To confirm the validity of the quantum yield of the reference
dyes, the quantum yields of the quinine sulfate and rhodamine
101 were cross-checkedwith coumarin 1 and cresyl violet, respec-
tively. The quantumyield of coumarin 1 in a 1:1mixture of ethanol
and water and cresyl violet in methanol obtained using quinine
sulfate and rhodamine 101 as reference is within 3% from the
reported values, 0.30 and 0.66�0.67, respectively.43,44 All the
measurements were reproduced with less than 5% error.

Time-Dependent Mn Luminescence Intensity Measurement. The
time-dependent Mn luminescence intensity was measured by
exciting the Mn-doped nanocrystals dispersed in hexane with a
pulsed nitrogen laser (pulse duration <3 ns, wavelength
337 nm). TheMn luminescence was selected by amonochromator,
detected by a photomultiplier tube, and the signal was col-
lected by a digital oscilloscope. Each time-dependent lumines-
cence curve was fit to a two exponential function, and the
averaged lifetime (τMn) was calculated using eq 3, where a1 and
a2 are the amplitude and t1 and t2 are the time constants of the
two-exponential fit.45

τMn ¼ (a1t1
2 þ a2t2

2)=(a1t1 þ a2t2) (3)

Transient Absorption Measurement. The pump pulse at 395 nm
was generated by the frequency doubling of 790 nm output
from a Ti:sapphire laser in a β-barium borate crystal at 3 kHz
repetition rate. The pulsewidth and fwhmbeamdiameter of the
pump beam were 70 fs and 300 μm, respectively. At the pump
intensity of this study, the average density of photoexcited
exciton is less than 0.5. A white light continuum generated in
1 mm-thick CaF2 and a sapphire window by focusing a 790 nm
beam was used as the probe light (fwhm beam diameter
≈ 30 μm) at the band-edge (420 nm) and near-infrared (880 nm)
regions, respectively. When CaF2 was used, the window was
translated rapidly to obtain the stable continuum probe light. The
hexane solutions of the sample nanocrystals were circulated in a 1
mm-thick quartz liquid cell at the linear flow rate of∼1m/s to avoid
potential photodamage and reexcitation of the same sample area.
Fast circulation is particularly important for Mn-doped nanocrystals
since the lifetime of a Mn excited ligand field state is several
milliseconds. The nanocrystal concentrations of all the samples
were kept the same at ∼6.4 μM.
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