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ABSTRACT: Cadmium chalcogenide nanoplatelets (NPLs)
possess unique properties and have shown great potential in
lasing, light-emitting diodes, and photocatalytic applications.
However, the exact natures of the band-edge exciton and single
carrier (electron and hole) states remain unclear, even though they
affect the key properties and applications of these materials.
Herein, we study the contribution of a single carrier (electron or
hole) state to phase space filling of single exciton states of
cadmium chalcogenide NPLs. With pump fluence dependent TA
study and selective electron removal, we determine that a single
electron and hole states contribute 85% and 12%, respectively, to
the blocking of the excitonic transition in CdSe/ZnS core/shell
NPLs. These observations can be rationalized by a model of band-
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edge exciton and single carrier states of 2D NPLs that differs significantly from that of quantum dots.
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admium chalcogenide (CdX, X = Se, S, Te) two-

dimensional (2D) nanoplatelets (NPLs) and their
heterostructures are of broad interests to the field of
nanocrystals as they possess properties different from those
of 0D quantum dots (QDs) and 1D nanorods (NRs),
including narrow thickness distribution and uniform quantum
confinement along the thickness direction,* high photo-
luminescent quantum yield (PLQY),”* long Auger lifetime, ™"
and superior charge transport and separation properties.g_15
They have demonstrated great potential applications in
lasing, '~ li§ht-emitting diodes,”** and solar-to-hydrogen
conversion.'””°~** Many properties of 2D NPLs, such as the
optical gain mechanism and threshold, are determined by the
structure and occupancies of band-edge energy levels in
excitonic and single carrier (electron and hole) states.' 2129733
One of the most convenient ways to probe these band-edge
electronic structures is through the state filling effects of
exciton or single carrier states on the band-edge exciton
transitions, which leads to exciton bleach (XB) signals in
transient absorption spectroscopy. The understandin§ of such
effects has enabled the study of carrier dynamics,”*™>* charge
transfer kinetics,””>”>*" and multiexciton annihilation”*'~*
in 0D, 1D, and 2D nanocrystals.

Despite the broad impacts and importance, how excitons
and carriers block excitonic transitions in cadmium chalcoge-
nide nanocrystals remains poorly understood. Early studies
reported that the XB signal is dominated by conduction band
(CB) edge electron state-filling in cadmium chalcogenide QDs,
while valence band (VB) edge hole state-filling contributes
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negligibly due mainly to the small level spacing and large
degeneracy of valence band-edge hole levels.**™* This
assignment is consistent with many TA studies of cadmium
chalcogenide QD—acceptor complexes, in which the removal
of the electron leads to complete recovery of the XB."’~°
However, a recent study of CdSe/CdS/ZnS core/shell/shell
QDs shows that the VB hole blocks ~25% of the band-edge
exciton transition.”’ For 2D NPLs, our previous studies have
shown that the XB signal of photoexcited CdX (X = Se, S, Te)
NPLs is dominated by the state-filling of the CB edge electron
with negligible hole contributions.'>?”*” However, other
studies have reported nonnegligible contributions of the VB
hole to the XB signal.sz_54 Furthermore, for CsPbBr,
perovskite 2D NPLs, both single electron and hole states
have negligible contributions to the XB.>® Thus, how excitons
and carriers contribute to the state filling of excitonic
transitions in NPLs and how these effects depend on material
properties remain open questions.

Here, we study the band-edge levels of core only CdSe and
core/shell CdSe/ZnS NPLs by transient absorption (TA)
spectroscopy. In CdSe/ZnS core/shell NPLs, we determine
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Figure 1. TEM images of (a) 4 ML CdSe NPLs and (b) CdSe/ZnS core/shell NPLs. Insets of (a) and (b): schemes of core-only NPLs and core/
shell NPLs. (c) Absorption (solid lines) and photoluminescence (dashed lines) spectra of 4 ML CdSe and CdSe/ZnS core/shell NPLs. (d)
Schematic energy levels (vs vacuum) of 4 ML CdSe NPLs, 4 ML CdSe/ZnS core/shell NPLs, and the reduction potential (LUMO) of methyl
viologen (MV**). CB: conduction band. VB: valence band. hh: heavy hole. lh: light hole levels. ET: electron transfer.
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Figure 2. (a) TA spectra of CdSe/ZnS core/shell NPLs under band-edge pump (~565 nm) at indicated delay times. (b) Comparison of A and B
exciton bleach kinetics and PL decay kinetics of CdSe/ZnS core/shell NPLs at band-edge pump. (c) Comparison of A and B exciton bleach
kinetics of CdSe/ZnS core/shell NPLs at B exciton pump (~520 nm). Solid lines are the fits. (d) Schemes of different species that contribute to XB
of CdSe/ZnS core/shell NPLs. Middle panel: species decay pathways in CdS/ZnS core/shell NPLs without (left column) and with (right column)

hole trap states at B exciton pump (520 nm) in state representation.

the contribution of the single electron state to the exciton
transition by preparing different initial exciton states. By
selectively removing the electron from NPLs using methyl-
viologen as an electron acceptor, we also determine how the
remaining single VB hole contributes to the XB signal
Moreover, we investigate how hole trapping affects the XB
signal by comparing high PLQY CdSe/ZnS core/shell NPLs
and low PLQY CdSe and CdS NPLs. These results lead to
unambiguous determination of the contribution of a single
electron, hole, and exciton states to the XB signal. To explain
these observations, a model for band edge exciton and single
carrier states are proposed.

CdSe and CdSe/ZnS core/shell NPLs were synthesized
following reported procedures.”” The synthesis details are
shown in Supporting Information (SI) S1. CdSe NPLs with 4
monolayer (ML) thickness show a truncated rectangular shape
(Figure 1a) with average length and width of 12.8 + 1.6 and
8.4 + 1.2 nm, respectively (Figure Sla,b). CdSe/ZnS core/
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shell NPLs were prepared by coating ZnS shells on both basal
planes of CdSe NPLs, which show a rectangular shape (Figure
1b) with an average length and width of 14.8 + 1.7 and 11.7 +
1.1 nm, respectively (Figure Slc,d). Figure lc shows the
absorption and photoluminescence (PL) spectra of CdSe and
CdSe/ZnS core/shell NPLs. For CdSe NPLs, the absorption
peaks at ~510 and ~480 nm correspond to the transitions to
the CB edge electron from the heavy hole (hh) (A exciton)
and from the light hole (Ih) (B exciton), respectively (Figure
1d)." These peaks are shifted to ~580 and ~530 nm in CdSe/
ZnS core/shell NPLs.”*° PL spectra of CdSe and CdSe/Zn$S
NPLs show a single emission peak at ~511 and ~585 nm,
respectively, corresponding to their band-edge (A exciton)
emission. The PLQY is determined to be ~12% and ~83% for
CdSe and CdSe/ZnS core/shell NPLs, respectively, indicating
that trap mediated nonradiative recombination is the dominant
decay pathway for of excitons in ~88% core-only CdSe NPLs
and ~17% core/shell NPLs. Because trapped excitons in
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Figure 3. (a) TA spectra of CdSe/ZnS NPL—MV?>* complexes under B exciton pump (~520 nm) at indicated delay times. Inset: comparison of
TA spectra at 2—3 ns of CdSe/ZnS NPL—MV?** complexes (blue) and free CdSe/ZnS NPLs (gray). The amplitude of free CdSe/ZnS NPLs (gray)
is divided by a factor of 4. (b) Kinetics of A exciton bleach (black circles) and reduced methyl viologen radicals (MV**, red squares) of CdSe/ZnS
NPL—MV?* complexes, and A exciton bleach of free CdSe/ZnS NPLs (blue triangles). Green lines are the fits according to the ET model shown in
SI S4. (c) Schemes of different species that contribute to XB of NPL—MV>* complexes. Middle panel: species decay pathways in CdS/ZnS core/
shell NPL—MV?** complexes without (left column) and with (right column) hole trap states in NPLs at B exciton pump (520 nm) in state

representation.

cadmium chalcogenide NPLs are dominated by hole
ttrapping,14’27’3’7’52’53”57 these NPLs are ideal models to
investigate the effect of hole trapping on XB signals.

To study how excitons block the excitonic transitions in 2D
NPLs, we compare TA spectra measured with excitation at A
and B excitonic transitions for CdSe/ZnS core/shell NPLs at
room temperature. The excitation fluence was kept low (~2
uJ/cm*) and the fractional bleach, the ratio of transient
absorption bleach amplitude (Figure 2a) to sample absorbance
(Figure S4a), at the A exciton bleach was estimated to be 4.4%.
Under this condition, single exciton states dominate the
observed signal.” We first measured the TA spectra of CdSe/
ZnS core/shell NPLs with excitation at their band-edge (~565
nm) so that only the single A exciton states, with an electron at
the CB edge and a hh at the VB edge, are excited. These TA
spectra (Figure 2a) show sharp A and B exciton bleach signals
at ~580 and ~530 nm, respectively, resulting from the
blockage of A and B exciton transitions by the band-edge
exciton, stimulated emission, and photoinduced absorption. In
this case, the A exciton bleach kinetics is determined by the
state-filling of both the CB electron and VB hole while the B
exciton bleach kinetics is only determined by the state-filling of
the CB electron. Figure 2b shows that the A and B exciton
bleach kinetics are identical and agree with the PL decay
kinetics, indicating that both the XB recovery and PL decays
probe the band-edge exciton recombination process. Note that
the PL kinetics starts after 120 ps because of the limited
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instrument response time of the time-resolved PL measure-
ment (~110 ps).

To quantify how a single electron blocks the excitonic
transition, we measured the TA spectra of CdSe/ZnS core/
shell NPLs with excitation at ~520 nm, which directly excites
the B exciton state (with an electron at the CB edge and a lh in
the VB). In this case, the hole will relax from the Ih to the hh
level after excitation. Figure 2c shows that the normalized A
and B exciton kinetics are identical after 2 ps but deviate from
each other at <2 ps: B exciton bleach shows a fast decay while
A exciton bleach shows a corresponding growth. This initial
process within 2 ps indicates that the relaxation of the VB hole
from the lh to hh level can be observed through their
contribution to the A and B exciton bleach signals, similar to
previous reports on cadmium chalcogenide NPLs™ and
QDs.”' We fit both the A and B exciton kinetics (Figure 2c)
with a model accounting for the contribution to the XB from
different species (Figure 2d). Because the PLQY of CdSe/ZnS
NPLs is ~83%, and the hole trapping (in subps) in NPLs is
much faster than exciton radiative recombination (in
ns),””>>* we consider two species in solution: (1) ~83%
NPLs with no hole traps, in which the long-lived A exciton
(AX) state is generated from the initial B exciton (BX) after
hole relaxation; (2) ~17% NPLs with hole traps, in which the
long-lived trapped exciton state (TrX, with a CB edge electron
and a trapped hole) is generated from the B exciton state
(BXt) by rapid hole trapping to surface states within the gap
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Figure 4. Left panel: scheme of possible transitions between band-edge electron and hole degenerated levels in cadmium chalcogenide QDs. Green
lines represent the transitions. Right panel: schemes of band structure of cadmium chalcogenide NPLs and the occupation of an exciton, a single
electron, and a single hole at the NPL band-edge, respectively. S and M (My;, and My,) are possible spin projections for CB electron levels and total
angular momentum projections for VB hole levels (hh and Ih band), respectively.

region.”® The XB intensity is determined by the population
and contributions of these species to the XB. We assume that a
single electron blocks an excitonic transition by a factor of
less than an exciton. These species undergo radiative (for
~83% NPLs without trap) or nonradiative decay (for ~17%
NPLs with hole traps) after B exciton excitation (middle panel
of Figure 2d). The details of the model and fitting procedure
are shown in SI S4. The best fit (Figure 2c) yields a hole
relaxation time (7,) and trapping time (7,) of 803 + 8 fs and
169 + § fs, respectively, and @ of 85 + 2%. The subpicosecond
hole trapping time extracted here is consistent with previously
reported values,””***? but the extracted @ value is larger than
that reported in CdSe/CdS core/shell NPLs (~64%).”> The
reason for this deviation remains unclear, it may be attributed
to the different shell materials, shell thickness, lateral
dimension, and sample quality. Although the PLQY of
CdSe/CdS core/shell NPLs is not reported in ref 52, it is
known to depend on both shell material (CdS vs CdZnS)**°
and shell thickness.” Different PLQYs can be caused by
different carrier trapping and exciton transition strengths. The
latter depends on the band-edge levels involved in the exciton
transitions,” which determine a as we will discuss below
(Figure 4). A similar decrease of XB amplitude by hole
removal was observed previously for CdSe NPLs, but it was
attributed to the spectrum shift caused by hole removal rather
than a change in hole state filling contributions.>*

To investigate how a single VB hole blocks the excitonic
transition, we selectively transfer the CB electron from CdSe/
ZnS core/shell NPLs to the methyl viologen (MV*") in NPL—
MV?" complexes. The reduction potential of MV** (—4.26 eV
vs vacuum )’ is lower than the CB edge of CdSe NPLs (—3.37
eV) and CdSe/ZnS NPLs (—3.62 eV), as shown in Figure 1d
(see SI S3 for details). The reduced methyl viologen (MV**
radicals) has a broad absorption at ~600 nm.”" We compare
free NPL and NPL—MV*" samples with the same NPL
concentrations, which leads to the same optical densities at the
excitation wavelength (Figure S4a—c) and the same numbers
of absorbed excitation photons and average numbers of
excitons per NPL under the same excitation fluence. The PL
of all NPL—-MV** complexes (Figure S4d—f) are completely
quenched, indicating complete quenching of NPL excitons by
electron transfer (ET) to MV**. The TA spectra and kinetics
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(Figure 3a,b) of CdSe/ZnS core/shell NPL-MV?** complexes
measured with B exciton excitation (~520 nm) show the
formation of MV™* signal at 600—650 nm and the
corresponding decay of XB, confirming ET from the NPL to
MV?. When ET is completed at 2—3 ns,***”%>% the TA
spectra (inset of Figure 3a) show a derivative feature around
the B exciton band (~530 nm). It is attributed to the charge-
separated (CS) state, with the electron transferred to MV**
and hole remaining in NPLs, which shifts the B exciton
transition energy,”’ similar to cadmium chalcogenide QDs and
nanorods.’**"®* This derivative feature can be more clearly
seen in the TA spectra at 400 nm excitation (Figure SSb).
However, the A exciton bleach signal remains at 2—3 ns, which
is attributed to the VB hole remained at hh level, which blocks
the A exciton transition. Although there should also be a CS
signal at the A exciton transition, it is estimated to be much
smaller than the electron and hole state filling signals (see SI
S5 for details) and is not observed.

To quantify how a single hole contributes to the XB, we fit
the A exciton bleach and MV** kinetics in CdSe/CdS core/
shell NPL—MV** complexes using the model shown in Figure
3c and eqs S16—S31 in the Supporting Information. In
addition to the intra-NPL decay processes of free NPLs
(Figure 2d), this model contains the CS state (CS and CSt for
NPLs without and with hole traps, respectively) formed by ET
from AX or TrX to MV?' and its decay by charge
recombination. We assume that a single hole in the hh level
in the CS state blocks the A exciton transition by a factor
smaller than that of an A exciton (see SI S4 for fitting details).
The best fit (Figure 3b) gives ET times of 4.15 + 0.91 ps (86
+ 2%) and 813 + 108 ps (14 + 2%) and S value of 12 + 3%.
This value is smaller than reported value for CdSe QDs
(~30%).”"

TA studies of CdSe NPL-MV** and CdS NPL-MV**
complexes, prepared with low PLQY CdSe (~12%) and CdS
(<1%) NPLs, show a lack of hole state filling signals at long
delay time. The hole state filling signal amplitude in CdSe
NPLs is estimated to be <1.8% because of ultrafast hole
trapping (see SI S6 for details) and this finding also explains
the negligible hole contribution to XB bleach signal in core-
only CdSe and CdS NPLs reported previously.”' %%’
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How single carriers (electron and hole) block the excitonic
transition compared to an exciton in NPLs is determined by
the nature of single exciton and carrier states. 5% In a recent
model of CdSe QDs, it is assumed that band-edge excitons
involve electron and hole levels with 2- and 4-fold
degeneracies, respectively (left panel of Figure 4), and the
excitonic transition between these levels have the same
transition strength.”’ This model assumes the same sets of
discrete states in exciton and single electron (or hole) states,
which is likely not applicable for 2D NPLs due to two reasons.
(1) 2D NPLs are only quantum confined along the thickness
(z) direction and there is a continuum of free carrier states
with well-defined momentum along the basal plane (in the x—y
direction) of NPLs. Thus, in addition to the discrete states
resulted from the quantum confinement effect, the continuum
of k-states should also be considered. (2) The dielectric
confinement effect in 2D nanostructures leads to a larger
exciton binding energy (~100—200 meV)"*” than QDs. The
wave function of excitons is a superposition of many
continuous band-edge free electron and hole states.” !

Here, we propose a qualitative model to explain the transient
exciton bleach signal of 2D NPLs (right panel of Figure 4)
following the seminal work of Schmitt-Rink and co-workers. e
In this model, an exciton, electron or hole can block the
exciton transition because of the phase space filling effect. The
2D exciton is described by the 2D hydrogen model, 578 and
the free electron and hole are described by a free carrier gas.
The extent of phase space filling for each particle is described
by eq 1.

OF
F_

Uyg(k)
UIS( 0)

-2 0 (R ——=
z (1)

In eq 1, F and 6F, are the total transition strength for 1S
exciton state and the blockage of the 1S exciton transition
strength by a single particle p (p = exciton, electron or hole),
respectively. U;4(r) is the 1S exciton wave function of the 2D
hydrogen model,”> and Us(k) is the Fourier transform of
U,4(r). r is the relative distance between electron and hole, and
k is momentum. f,(k) is the probability of finding the particle
in that k-state. N is the particle density and N is the saturation
particle density. 1/Ng can also be interpreted as the area
blocked out by the presence of a particle and reflects the extent
of space filling by the particle. Within this phase-space filling
model, the 1/Ng values are (32/7)ma,p% 0.87*%8ma,p?, and
0.13%87a,,” for an exciton, electron, and hole, respectively.66
Here we have assumed the low temperature limit, k3T < Ej,
because of strong exciton binding in NPLs (E;s ~ 100—200
meV)"*” This model predicts @ = 1.52, f = 0.23, and a/f =
6.92. The predicted values of a and f according to this model
deviate from the measured values. One possible reason is that
this model does not consider the contribution of stimulated
emission from the exciton state, which further increases the
exciton bleach caused by the presence of an exciton. This effect
does not exist for an electron or hole state. Furthermore, this
model assumes that the exciton state can be described by a 2D
hydrogenic model, which is an approximation for NPLs with
finite thickness. Therefore, more comprehensive theoretical
studies are required to explicitly model the nature of wave
functions in the exciton and single carrier states and provide
quantitative estimations for @ and f. Interestingly, the
predicted ratio of these values is in excellent agreement of
the measured ratio of 7.08. This ratio is only determined by the
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ratio of electron and hole effective masses and is independent
of the model of the exciton. This agreement supports the
notion that electron and hole state filling effects reflect the
different densities of states of their in-plane motions in these
NPLs.

It is worth noting that, in 2D NPLs, the hh band splits from
the Ih band away from the I" point and has two possible total
angular momentum projections (+3/2),"* so that each k-
state in the hh band is doubly degenerate, the same as the k-
states in the lowest electron band. Although the degeneracy of
band-edge hole levels in 2D NPLs is smaller than that for QDs
and should increase its contribution to the exciton state filling,
this is not observed. Instead, the presence of the large density
of free hole states along the x—y plane reduces the state filling
effect of a single hole state, differing significantly from that of
QDs. This model predicts that as the lateral size of the NPL
decreases to reach the quantum confinement regime, band-
edge states will become more quantized and a and f values
approach those for QDs.

According to our model, the sum of @ and p is not
necessarily unity, unlike the proposed model for cadmium
chalcogenide QDs.”" @ and f3 values are different because the
band-edge levels involved in electron and hole states have
different overlaps with those involved in the exciton state due
to different energy level spacing along the confined dimension
and dispersion relationships of free in-plane carrier motions.
This model can also explain our previous observation that in
CsPbBr; perovskite 2D NPLs single carriers (either electron or
hole) have negligible contributions to the XB, and only band-
edge excitons result in an XB signal.”> This indicates that the
exciton state in CsPbBr; NPLs may involve many CB and VB
band levels that single electron or hole states have negligibly
small overlaps with the exciton state.

In summary, we provide quantitative experimental evidence
of how excitons and single carriers (electron and hole) block
the excitonic transition of 2D cadmium chalcogenide NPLs via
TA spectroscopy. By comparing selective excitation of A and B
exciton states, we show that a single CB electron state blocks
~85% of the A exciton transition. By selective ET from NPLs
to MV**, we determine that a single VB edge hole state blocks
only ~12% of the A exciton transition. We show that hole
contributions to XB are negligible in low PLQY CdSe and CdS
NPLs because of rapid hole trapping. The contributions of
single carrier states to the XB are determined by the wave
function overlap of the single carrier states with the exciton
state according to a phase space filling model. Within this
model the denser valence states of in-plane free hole motion
accounts for the relatively small contribution of a single hole
state to the XB compared to a single electron state. We believe
that this model provides a framework for understanding state
filling effects in other 2D NPLs systems, such as CsPbBr;
NPLs, and even 1D nanocrystals. Our findings contribute to
not only the fundamental understanding of optical transitions
and carrier dynamics of NPLs but also the rational design and
performance improvement of NPL based optoelectrical system.

B METHODS

Sample Synthesis. The colloidal CdSe, CdSe/ZnS, and
CdS NPLs were synthesized following the literatures with
slight modifications.”””* Detailed synthesis procedures are
shown in the SI S1.

Experimental Setup. Femtoseconds TA measurements
were carried out by a regeneratively amplified Ti:sapphire laser
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system (Coherent Astrella, 800 nm, 35 fs, 5.5 mJ/pulse, and 1
kHz repetition rate). The TA signals were collected and
analyzed by the Helios system (Ultrafast Systems LLC). PL
measurements were conducted with FluoroMax-3 spectro-
fluorometer of HORIBA Scientific. Details of the experimental
setup and optical characterizations of NPLs are shown in SI S2.
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