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C
olloidal 2-D CdX (X = S, Se, Te) nano-
platelets (NPLs), or nanosheets (NSs),
with atomically precise thickness of

1�2 nm have been reported recently.1�6

The precise and strong quantum confine-
ment in the thickness direction gives rise
to uniform band edge positions and exciton
energy across the NSs of tens to hundreds
of nanometers in length and width. This
enables rapid in-plane exciton and carrier
motion, in addition to precise tuning of
energetics (by thickness). Unfortunately, simi-
lar to other 2-dimensional (2D)materials (such
as transition metal dichalcogenides7,8), strong
electron�hole Coulomb interaction and large
exposed surface lead to fast exciton radia-
tive and nonradiative decay, respectively,3

hindering their applications as light harvesting
materials for solar energy conversion. It has
been well demonstrated that in 0D quantum
dots and 1D nanorods, type-II heterostruc-
tures (with conduction band minimum and
valence band maximum residing in two dif-
ferent domains) can prolong exciton lifetime
by increasing the spatial separation of the
electron and hole.9�23 Although several
type-I heteronanosheets, such as CdSe/CdS
or CdSe/CdZnS core/shell24,25 and CdSe/CdS
core/crown,26,27 have been synthesized and
studied, the preparation of type-II hetero-
nanosheets has only been reported very
recently.28 This study demonstrates that
excited state lifetime can also be exten-
ded in CdSe/CdTe core/crown type-II
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ABSTRACT Colloidal cadmium chalcogenide nanosheets with atomically precise

thickness of a few atomic layers and size of 10�100 nm are two-dimensional (2D)

quantum well materials with strong and precise quantum confinement in the thickness

direction. Despite their many advantageous properties, excitons in these and other 2D

metal chalcogenide materials are short-lived due to large radiative and nonradiative

recombination rates, hindering their applications as light harvesting and charge separa-

tion/transport materials for solar energy conversion. We showed that these problems could

be overcome in type-II CdSe/CdTe core/crown heteronanosheets (with CdTe crown laterally

extending on the CdSe nanosheet core). Photoluminesence excitation measurement

revealed that nearly all excitons generated in the CdSe and CdTe domains localized to the CdSe/CdTe interface to form long-lived charge transfer

excitons (with electrons in the CdSe domain and hole in the CdTe domain). By ultrafast transient absorption spectroscopy, we showed that the efficient

exciton localization efficiency could be attributed to ultrafast exciton localization (0.64( 0.07 ps), which was facilitated by large in-plane exciton mobility

in these 2D materials and competed effectively with exiton trapping at the CdSe or CdTe domains. The spatial separation of electrons and holes across the

CdSe/CdTe heterojunction effectively suppressed radiative and nonradiative recombination processes, leading to a long-lived charge transfer exciton state

with a half-life of ∼41.7 ( 2.5 ns, ∼30 times longer than core-only CdSe nanosheets.
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heteronanosheets, similar to type-II quantum dots and
nanorods. Previous studies of quasi-type-II CdSe/CdS
dot-in-rod heteronanorods have shown that due to
large electron�hole binding energy and presence of
defects, ultrafast trapping of excitons on the CdS rod
reduces the efficiency of exciton localization to the CdSe
core.29�32 Because similar trapping processes should also
exist in type-II heteronanosheets, it is important to in-
vestigate how they may compete with the exciton loca-
lization process and whether the larger in-plane exciton
mobility can reduce the effect of the undesirable exciton
trapping pathways.33

In this paper, we report the first ultrafast spectro-
scopic study of exciton localization and interfacial
separation process in CdSe/CdTe core/crown type-II
nanosheets (with a CdTe NS crown laterally extending
on a CdSe NS core, Scheme 1a). The structure was
confirmed by electron microscopy, elemental analysis,
and static and time-resolved optical spectroscopy. The
formation of CdSe/CdTe type-II heterojunctions led to
charge transfer (CT) absorption and emission features.
Photoluminescence excitation measurements showed
that excitons from CdTe and CdSe domains were
localized to and separated across the CdSe/CdTe het-
erojunction to form CT excitons with near unity effi-
ciency. The CT exciton formation process was shown
to occur with a time constant of 0.64 ( 0.07 ps
by transient absorption studies. The spatial separation
of electrons and holes across the heterojunction re-
duced their radiative and noradiative recombination
rates, leading to long-lived CT excitons with a half-life
of 41.7 ( 2.5 ns, ∼30 times longer than core-only
CdSe NSs.

RESULTS AND DISCUSSIONS

Sample Preparation and Characterizations. CdSe NSs were
synthesized according to literature procedures.1�3 Lateral
extension of CdTe on CdSe NSs was achieved following
a reported synthetic procedures for CdTeNSswith a slight
modification.34 By injecting Te precursors at a lower rate
and lower temperature than those reported for CdTe
synthesis, CdTe heterogeneous nucleation on CdSe NSs
can dominate over homogeneous nucleation in solu-
tion.26,27 Detailed synthetic method and conditions can
be found in theMethods sectionandSupporting Informa-
tion (SI) and are similar to a recent independent report by
Dubertret and co-workers.28 Transmission electronmicro-
scopy (TEM) imagesof CdSe/CdTenanosheets at different
times after Te precursor injection (Figure 1a and S1)
clearly showed agradual increase of NS lateral dimension.
The starting CdSe NSs (0 min) exhibited rectangular
morphology with an average length and width of 28.0
((2.5) nm � 7.0 ((1.0) nm, respectively. After 55 min of
Te precursor injection, the NSs maintained their rectan-
gular morphology but the average size increased to 71.0
((7.7) nm � 21.3 ((3.7) nm, corresponding to ∼8 fold
increase in surface area.

The absorption spectra (Figure 1b) showed three
features that were consistent with the lateral extension
of CdTe on CdSe. The exciton peak positions of NSs
are determined by their thickness. The CdSe NS peaks,
centered at ∼512 nm (T3, n = 1 heavy hole to n = 1
electron, or 1hh�1e

1) and∼480 nm (T4, n = 1 light hole
to n = 1 electron, or 1lh�1e), remained unchanged
during CdTe growth, indicating negligible change
of CdSe thickness (∼1.2 nm).27 The amplitudes of two
newpeaks centered at∼556 nm (T1) and∼501 nm (T2)
and abroad absorption tail from∼650 nm (CT) increased
with growth time. The former (T1 and T2) matches the
1hh�1e and 1lh�1e transitions of CdTe NSs with a thick-
ness of ∼1.3 nm.28,34 The CT band is energetically
lower than both the lowest energy exciton transitions
in CdSe (T3) and CdTe (T1) NSs and can be attributed
to the charge transfer (CT) transition from the CdTe
valence band (VB) edge to CdSe conduction band (CB)

Scheme 1. (a) A schematic depiction of charge transfer
exciton formation in Type-II CdSe/CdTe nanosheets. Photo-
generated excitons in both CdSe and CdTe localize to the
interface to form charge transfer excitons with electrons in
CdSe and holes in CdTe. (b) Energy level diagram in Type-II
CdSe/CdTe nanosheets. T1 (T3) and T2 (T4) are lowest energy
heavy (1hh) and light (1lh) hole to electron (1e) transitions,
respectively, in CdTe (CdSe) and the charge transfer (CT)
band corresponds to transition between heavy hole in CdTe
and electron in CdSe. The charge separation processes are
also indicated.

Figure 1. (a) TEM images and (b) absorption (solid line) and
Photoluminescence (PL, dashed lines) spectra of CdSe/CdTe
NSsat indicatedgrowth times (startingwithCdSeNSsat 0min).
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edge (Scheme 1b), a characteristic feature of type-II
heterostructures.9 Photoluminescence (PL) spectra of
these samples (Figure 1b, exciting at 400 nm) showed
that upon CdTe growth, the PL of CdSe at∼512 nmwas
gradually replaced by CT emission centered at∼650 nm,
showing negligible emission of CdTe NS (expected
at ∼556 nm).34 These results confirm that the observed
morphological changesaredue to formationofCdSe/CdTe
heteronanosheets instead of homogeneous nucleation of
CdTe NS. In the following, we will focus on the 55 min
sample for structural and spectroscopic characterizations.

High-angle annular dark-field (HAADF) scanning
TEM (STEM) combined with energy-dispersive X-ray
spectroscopy (EDX) was used to provide direct evi-
dence for heterostructure formation. For the selected
area in the HAADF image of Figure 2a, elemental maps
for Cd, Se, and Te are shown in Figure 2c, d, and f,
respectively. The Cd map matched well with TEM
image; Sewas only present in the center of nanosheets;
and the Te map showed holes in the center, comple-
mentary to the Se map. The overlaid map, shown
in Figure 2b, confirms that in these heterostructure,
the CdTe NS laterally extends on CdSe seed, as illu-
strated in Scheme 1a.

Efficiency of Charge Transfer Exciton Formation. In Figure 3a,
we compare the Photoluminescence Excitation (PLE,
monitoring emission at 653( 1 nm) spectrum of CdSe/
CdTe NSs with their absorptance spectrum. The latter
represents the percentage of absorbed photons
(i.e., 1�10�OD, OD = optical density). By normalizing
PLE and absorptance at the CT band, as done in
Figure 3a, the ratios of these curves represent the
relative emission QYs as a function of excitation
wavelength (with QY at CT band excitation set to 1).
As shown in Figure 3b, the relative QYs are near unity
from 450 to 650 nm, indicating that all the photogen-
erated excitons canmove to the CdSe/CdTe interface to
form the CT excitons.

There are two implications from the near unity
formation efficiency of the CT exciton. First, the exciton
transport through CdTe and CdSe domains is fast
enough to reach the CdSe/CdTe interface prior to their
radiative and nonradiative decay. Second, the initial
photogenerated excitons in both CdTe and CdSe
domains can be dissociated across the CdSe/CdTe
interface, in spite of the large exciton binding energy
(∼100s of meV) in these 2D nanosheets.35,36 Similar
processes have been observed in type-II single layer
transition metal dichalcogenide heterojunctions8,37

and can be explained by the fact that the energy
required for exciton dissociation is compensated by
the binding energy of the CT exciton.8

Ultrafast Charge Separation and Recombination Dynamics.
The exciton localization and separation dynamics im-
plied by the PLE result can be directly probed by
transient absorption (TA) spectroscopy. In these mea-
surements, we have used low excitation flux to ensure

that the signal was dominated by single excitons (see
Figure S3, SI for details), excluding the complications
of multiexciton annihilation dynamics.38,39 We first
examined the CdSe/CdTe NSs with 625 nm excitation,
where the CT band was selectively excited according
to the absorption spectrum in Figure 1b. The resultant
TA spectra and kinetics (Figure 4a and b) showed
instantaneous bleach of T3 (∼511 nm), T4 (∼480 nm)
and CT (∼630 nm) bands and negligible subsequent
changes of these TA features within the first nano-
second. Although part of the CT bleach was obscured

Figure 2. (a) HAADF STEM image of CdSe/CdTe nanosheet.
(b) Overlaid elemental maps of Cd (red), Se (green), and Te
(blue). Elemental maps of (c) Cd, (d) Se and (e) Te.

Figure 3. (a) Photoluminescence Excitation (PLE, red
dashed line) and absorptance (Abt, black solid line) spectra
of CdSe/CdTe NSs. These curves are normalized at the CT
band. (b) Relative emission QYs (the ratio between absorp-
tance and PLE) as a function of excitation wavelength.
The relative QY was set to 1 at the CT band.

A
RTIC

LE



WU ET AL. VOL. 9 ’ NO. 1 ’ 961–968 ’ 2015

www.acsnano.org

964

by the scattered pump beam at 625 nm, it was fully
observed with 400 nm excitation (see below). We have
shown recently that the bleaches of exciton bands
of CdSe NSs were caused by state-filling of the CB
electron level,40 similar to Cd chalcogenide quantum
dots and nanorods.41�44 The lack of hole filling in-
duced exciton bleach is often attributed to the higher
degeneracy of and stronger mixing between denser
hole levels in the VB. Because CdTe and CdSe have
similar band structure,3 we expect that exciton bleach
in CdTe nanosheets should also be dominated by state
filling of CB levels. Therefore, the observed TA features
indicate the direct generation of electrons in CdSe
CB edge, consistent with the nature of the CT band
(see Scheme 1b). The CT transition should also directly
generate VB holes in CdTe. The presence of holes has
been shown to shift the exciton peak position, giving
rise to derivative like charge separated states (CS)
features in TA spectrum.20,40,43,45�48 Indeed, CS feature
of T1 band was observed at 520�570 nm (see inset of
Figure 4a and 5b). Therefore, these TA features confirm
the proposed type-II electronic structure in Scheme 1.

We next investigated how the excitons generated
at the CdTe crown can be localized to the CdSe/CdTe
interface. In this experiment the CdSe/CdTe NSs were
excited at 400 nm, where the CdSe and CdTe domains
contributed to 16.8 and 83.2%, respectively, of the total

Figure 4. TA spectra of CdSe/CdTe heteronanosheets mea-
sured at 625 nm excitation of the CT band. (a) TA spectra at
indicated delays (up to 100 ps). (b) Normalized comparison
of TA kinetics of CT (red circles), T3 (blue triangles), and T4
(green squares) features and theirfit (black solid line). Thefit
shows an instantaneous formation (<10 fs) and negligible
decay in 1000 ps. The x-axis is in linear scale from�1 to 5 ps
and logarithmic scale from 5 to 1000 ns.

Figure 5. TA spectra and kinetics of CdSe/CdTe NSs. (a) TA spectra at 0.3�0.4 ps (black), 1�1.5 ps (red), 3�4 ps (green),
10�20 ps (blue), and 50�100 ps (purple) after 400 nm excitation. Inset: expanded view of the CT feature. (b) Comparison
of TA spectra measured with 625 nm (at 0.1�0.3 ps, black dashed line) and 400 nm (at 100�300 ps, red solid line)
excitation. Inset: expanded view of CS feature of T1 from 530 to 580 nm and CT band bleach from 590 to 690 nm. (c) TA
kinetics of CT (610�650 nm, red circles), T3 (511 nm, blue triangles), and T1 (555 nm, green squares) in CdSe/CdTe NSs
measured with 400 nm excitation and their multiexponential fits (black solid lines). (d) Comparison of electron lifetime
(T3 exciton bleach recovery) in core-only CdSe (red circles) and CdSe/CdTe (green squares) NSs. The black solid lines are
multiexponential fits.
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absorption (Figure S4). The larger CdTe absorption is
consistent with the∼7 fold larger surface area of CdTe
than CdSe domain. The TA spectra (Figure 5a) showed
ultrafast decay of T1 and T2 bleach and concomitant
formation of the bleach of T3, T4 and the CT bands,
consistent with electron transfer fromCdTe to CdSe CB.
After ∼100 ps, T1 and T2 features completely disap-
peared and the resulting spectra were identical to
the TA spectra measured with 625 nm excitation, as
shown in Figure 5b, indicating complete conversion
of excitons at CdSe and CdTe sheets to CT excitons
across the CdTe/CdSe interface. This is consistent with
the near unity CT band formation efficiency deter-
mined from the PLE measurement. Interestingly, the
excitation wavelength independent final TA spectra
in Figure 5b are in sharp contrast with previously
examined CdSe/CdS heteronanorods, in which the
competition of rapid exciton trapping on the CdS
nanorod and localization to the CdSe core lead to
excitation wavelength dependent branching ratio of
long-lived exciton states.29,30

As shown in Figure 5c, the formation of CT and T3
bleach (electrons in CdSe 1e level) and the recovery
of T1 bleach (electrons in CdTe 1e level) could be fitted
with the same sets of parameters (Table S1, SI), con-
firming electron transfer from CdTe to CdSe. According
to the fit, electron transfer kinetics from CdTe to CdSe
was described as a biexponential process with time
constants of 0.48 ( 0.09 ps (90.4 ( 0.4%) and 9.50 (
0.85 ps (9.6 ( 0.3%). Electron transfer from CdTe to
CdSe domains contains the contribution of exciton
transport to the CdSe/CdTe interface and interfacial
electron transfer across the heterojunction driven
by the conduction band offset. A previous study on
CdTe/CdSe core/shell QDs reported an electron trans-
fer time of ∼0.8 ps from CdTe to CdSe.20 The main
electron transfer component in our heteronanosheets
is faster than the CdTe/CdSe core/shell QDs, which
indicates that the intrananosheet exciton transport
time is extremely fast, if not negligible, caused by the
large in-plane exciton mobility. This observation is also
consistentwith our previous finding of ultrafast exciton
quenchingof CdSeNSs bydecorated Pt nanoparticles.40

In addition, the laterally extended 2D sheets might have
smaller interfacial strain than curved core/shell QDs,
which may reduce the possible interfacial charge trans-
fer barrier.49 The minor slow electron transfer compo-
nent is likely caused by trapped excitons,31,40,50 charge
separation of which has to overcome the Coulomb
potential barrier provided by the trapped holes.50

400 nm excitation should also generate excitons at
CdSe core, which would separate at the interface by
hole transfer to CdTe. This process should lead to deri-
vative like features in theCdTebands (Figure 4a and 5b).
Unfortunately, the transient absorption signals at
CdTe exciton bands were dominated by much larger
state filling induced bleach and the smaller hole transfer

induced change could not be independently probed.
Furthermore, because of the spectral overlap of CdSe
with CdTe transitions, selective excitation of the CdSe
sheet was not experimentally feasible.

The electrons in the CT states were long-lived,
as indicated by the long-lived T3 bleach on the 1 ns
to 20 μs time scale (Figure S6). The kinetics of T3
recovery (Figure 5d) was fitted by multiexponential
decay with a half-life of 41.7 ( 2.5 ns. The fitting
parameters were listed in Table S1. As a comparison,
the TA spectra of core-only CdSe NSs was also mea-
sured (Figure S7). The T3 exciton bleach kinetics of
CdSe (Figure 5d) showed a half-life of 1.4 ( 0.2 ns.
Therefore, the CB electron lifetime was prolonged by
∼30-fold in type-II NSs. Because T3 exciton bleach only
reflected the CB electron population, we turned to PL
decay (depending on both CB electrons and VB holes)
to probe the effect of CT exciton formation on VB holes.
The time-resolved PL decay and T3 exciton bleach
kinetics of CdSe/CdTe NSs were compared in Figure 6.
The PL decay matched well with the T3 bleach recovery
between 5�1000 ns, confirming that the spatial separa-
tion of electrons and holes across the CdTe/CdSe inter-
facegave rise to long-livedCTexcitons. This is consistent
with a recent report by Dubertret and co-workers.28

Interestingly, the PL decay showed a fast component
(with 50.2 ( 1.7% amplitude and a time constant of
1.2 ( 0.1 ns, Table S2) that was not present in the T3
bleach recovery, which can only be assigned to the
trapping of VB holes in the CdTe domain. Hole trapping
on similar time scales has been identified in CdSe and
CdSe/CdS nanosheets.50 Because this hole trapping
process does not lead to the decay of the CB electron,
it indicates that the spatial separation of electrons and
holes across the heterojunction also slows down their
nonradiative recombination at trapped sites.

It should be noted that similar efficient exciton
localization was observed in type-I CdSe/CdS core/
crown nanosheets.27 These efficient in-plane exciton
transports are in contrast to 1-D CdSe/CdS NR hetero-
structures, in which the localization efficiency is sig-
nificantly less than unity due to hole-trap induced
exciton trapping on the CdS rod.29,30 We tentatively

Figure 6. Comparison of time-resolved PL decay (green
dashed line) and TA T3 (CT) bleach recovery kinetics of
(blue dashed line) in CdSe/CdTe type-II NSs measured with
400 nm excitation. The black solid lines are multiexponen-
tial fits and fitting parameters are listed in Table S2.
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attribute the efficient exciton localization in NSs to
large exciton and carrier mobility in these atomically
flat materials. It has been proposed that the exciton
center-of-mass wave function may be delocalized
throughout the entire NS,39 which can also lead to
efficient exciton localization in our CdSe/CdTe NSs. It is
also interesting to compare the CdSe/CdTe hetero-
structure to MoS2/WS2 van der Waals heterostructures
at which a ∼50 fs hole transfer time was reported.8

Although the covalent/ionic bonding at our CdSe/
CdTe interface is much stronger than van der Waals
interactions per unit area,8 the smaller total interfacial
area in the core/crown structure than the stacked
structure might lead to weaker total electronic cou-
pling and therefore slower charge separation. None-
theless, the charge separation rate in these CdSe/CdTe
core/crown heterostructure is still much faster than
excited state lifetime of NSs (on the order of ns51), which
gives rise to unity yield for forming the long-lived CT
exciton states. Finally, theefficient exciton localization in
CdSe/CdTe nanosheets may offer a new class of materi-
als for constructing triadic nanosheet heterostructures
(such as CdSe/CdTe/Pt) for light-driven H2 generation.
Our recent study suggests that in CdSe NS-Pt hetero-
structures, the ultrafast exciton mobility leads to effi-
cient quenching of excitons by energy transfer, which

limits the utility of such structure in solar-driven H2

generation.40 The ability to form long-lived charge
transfer excitons at CdSe/CdTe interface may allow
efficient electron transfer to Pt in CdSe/CdTe/Pt triadic
structures.

CONCLUSIONS

In conclusion, we have studied the ultrafast exciton
dynamics in colloidal type-II CdSe/CdTe core/crown
heteronanosheets. The formation of the heterostruc-
ture was confirmed by absorption, emission, electron
microscopyandelement analysis. ByPLEmeasurements,
we showed that excitons generated in CdSe and CdTe
domains could be localized to the CdSe/CdTe hetero-
junction to form charge transfer excitons with unity
efficiency. Using transient absorption spectroscopy, we
showed that these charge transfer excitonswere formed
on the ultrafast time scale (half-life∼0.64( 0.07 ps) due
to facile in-plane exciton motion and interfacial electron
transfer. The spatial separation of electrons and holes at
the CT states effectively suppressed radiative and non-
radiative recombination, leading to long-lived charge
transfer exciton state (half-life∼41.7( 2.5ns). Therefore,
these 2D type-II heteronanosheets are promising mate-
rials for efficient light harvesting and charge separation
and transport in solar energy conversion applications.

METHODS
CdSe Nanosheets (NSs) were synthesized following proce-

dures reported in the literature, with slight modifications.1�3

CdTe extension on CdSe NSs were achieved by injection Te
precursors into a flask containing Cd precursors and CdSe NSs.
Aliquots of colloidal solution were taken out using a syringe
to monitor the CdTe crown growth. Details can be found in the
Supporting Information.
Instruments for structural and optical characterization of theNSs

were alsodescribed in theSI. Both femtosecondsandnanoseconds
transient absorption (TA) measurements were based on a regen-
eratively amplified Ti:sapphire laser system (Coherent Legend,
800 nm, 150 fs, 2.4 mJ/pulse, and 1 kHz repetition rate). The fs
and ns TA signals were detected and analyzed by Helios and EOS
spectrometers (Ultrafast Systems LLC), respectively.
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