Downloaded via WASHINGTON UNIV on June 24, 2020 at 16:24:10 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY
Letters

pubs.acs.org/JPCL

Excitation Energy Dependence of Photoluminescence Quantum
Yields in Semiconductor Nanomaterials with Varying

Dimensionalities

William M. Sanderson,’ Jessica Hoy,.s- Calynn Morrison, Fudong Wang, Yuanyuan Wang,

Paul J. Morrison, William E. Buhro, and Richard A. Loomis™

I: I Read Online

Cite This: J. Phys. Chem. Lett. 2020, 11, 3249-3256

ACCESS |

[l Metrics & More | Article Recommendations |

@ Supporting Information

ABSTRACT: The excitation energy dependence (EED) of the photoluminescence quantum
yield (®p;) of semiconductor nanoparticles with varying dimensionalities is reported.
Specifically, the EEDs of CdSe quantum dots, CdSe quantum platelets, CdSe quantum belts,
and CdTe quantum wires were determined via measurements of individual ®p; values and
photoluminescence efficiency (PLgg(E)) spectra. There is a general trend of overall decreasing
efficiency for radiative recombination with increasing excitation energy. In addition, there are
often local minima in the PLyg(E) spectra that are most often at energies between quantum-
confinement transitions. The average PL lifetimes of the samples do not depend on the
excitation energy, suggesting that the EED of @y arises from charge carrier trapping that
competes efficiently with intraband carrier relaxation to the band edge. The local minima in
the PLpg(E) spectra are attributed to excitation into optically coupled states that results in the
loss of carriers in the semiconductor. The EED data suggest that the PLy(E) spectra depend
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on the sample synthesis, preparation, surface passivation, and environment.

S emiconductor nanoparticles (NPs) have been extensively
studied for their abilities to absorb and emit photons
across a tunable range of the electromagnetic spectrum due to
quantum-confinement effects.'”” The photoluminescence
(PL) quantum yield (®p) of a sample is a useful metric for
assessing the overall quality of the NPs, optimizing synthetic
procedures, and improving device efficiencies that incorporate
NPs. The @y is the ratio of emission to absorption events.
The absorption of a photon promotes excited charge carriers
that ultimately dissipate the excess excitation energy via
radiative or nonradiative mechanisms. In an ideal semi-
conductor NP, excited charge carriers relax within the
conduction band (CB) and valence band (VB) to the
lowest-energy quantum-confinement states. Because of the
large energetic band gap between the CB and VB states, the
carriers in an ideal semiconductor NP would recombine
through radiative recombination and the @y value would be
unity.

When electrons and holes are initially prepared at the band
edge in typical semiconductor NPs, the carriers may interact
with a variety of nonradiative sources, including surface
states,® ! crystallographic defects,"*™'* ligand transfer,">'¢
and environmental quenching."”'”'® The extent to which
nonradiative pathways affect the ®@p; of a sample is therefore
dependent on the crystalline quality and surface passivation. In
practice, near-unity ®p; values are rarely obtained for NPs
without extensive surface modifications, such as the incorpo-
ration of protective semiconducting shell materials.'*~*’
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The absorption of a highly energetic photon creates charge
carriers with energies in excess of the NP band gap, and this
excess kinetic energy must be dissipated prior to reaching the
band edge. Mechanisms for intraband relaxation include
phonon coupling,**™*° nonadiabatic transitions,”" or Auger-
mediated pathways.”***~>* Although relaxation to the band
edge typically occurs on the subpicosecond to picosecond time
scale in semiconductor NPs,**%*® fast carrier-trapping
pathways have been proposed to compete with intraband
relaxation.”*”** Since the ®p_ of an NP is sensitive to all
nonradiative processes that occur, the specific energetic states
in which the electrons and holes are prepared and the total of
the nonradiative pathways that the charge carriers may sample
can give rise to an excitation energy dependence (EED) of the
Dy

We previously reported the EED of the emission efliciency
of CdSe and CdSe/ZnS quantum dots (QDs) measured in two
complementary ways.”> The first method involved direct
measurements of the ®@p; values at discrete excitation energies
E to obtain the @y (E) spectrum as a function of excitation

Received: February 13, 2020
Accepted: April 7, 2020
Published: April 7, 2020

https://dx.doi.org/10.1021/acs.jpclett.0c00489
J. Phys. Chem. Lett. 2020, 11, 3249—3256


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+M.+Sanderson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jessica+Hoy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Calynn+Morrison"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fudong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuanyuan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+J.+Morrison"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+J.+Morrison"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+E.+Buhro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+A.+Loomis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.0c00489&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00489?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00489?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00489?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00489?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00489?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/11/9?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/9?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/9?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/9?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c00489?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

energy. The second method quantified the EED by measuring
the quantum vyield efficiency, ®ys(E), spectrum. In this
method, the absorption, Abs(E), and photoluminescence
excitation, PLE(E), spectra were collected. The photo-
luminescence efficiency, PLyg(E), spectrum is the ratio of the
PLE(E) to the absorptance spectrum, or equivalently,

PLE(E)

PLyg(E) = T 102 ®

(1)

The PLgg(E) spectrum can then be scaled using @y values
measured at discrete excitation energies to yield a @pg(E)
spectrum for each sample. Hoy et al*’ reported that the
®p(E) spectra are in good agreement with numerous
individual ®p; values measured across a broad range of
excitation energies. An advantage of using the PLyi(E) or
®p4(E) spectra to quantify the EED of the PL efficiency is that
it allows for rapid data collection in comparison to the
meticulous collection of a series of ®@p; values at many different
excitation energies.

For CdSe QDs, we observed an overall decrease in the
®p(E) spectrum with increasing excitation energy as well as
several local minima.”> The ®g(E) spectrum for CdSe/ZnS
QDs exhibited a similar decrease with increasing excitation
energy, but there were no local minima present. Mooney et
al.*” also measured the efficiency spectra of CdSe QDs. Those
spectra contained several prominent minima, but there was a
negligible overall change in efficiency with increasing excitation
energy. The PLgg(E) collected for other samples of CdSe QDs
contained both minima and decreasing PL efficiencies with
increasing excitation energy.”® These latter EED trends are
consistent the results obtained for various QD sys-
tems'****~* and perovskite NPs.*>**

To date, studies on the EED of the PL efficiency have
primarily focused on zero-dimensional (0D) QDs, which have
a discrete density of quantum-confinement states. Elongated
NPs with increased dimensionality, such as one-dimensional
(1D) quantum wires (QWs) and pseudo-1D quantum platelets
(QPs) and quantum belts (QBs), have an increased density of
states (DOS) due to the elongation of the NPs and the
opening of a translational degree of freedom for the carriers.
The resultant DOS in QWs is sawtoothlike, while the DOS in
pseudo-1D QPs and QBs depends explicitly on their size in
each dimension, and they may have 1D sawtoothlike or 2D
steplike distributions.** The larger DOS in these nanomaterials
may affect the relaxation mechanisms and efficiencies for
carrier relaxation dynamics.

In this Letter, we report the PLyg(E) spectra for several
types of II-VI semiconductor NPs. Specifically, colloidal
samples of wurtzite (W) CdSe QDs (~4.1 and 5.7 nm in
diameter),” W CdSe QPs (~1.8 nm in thickness, ~10 nm in
width, and ~50 nm in length), W CdSe QBs (~1.8 nm in
thickness, ~10 nm in width, and >300 nm in length), W CdTe
QWs (6.0 nm in diameter and 1—10 pm in length), and
enhanced CdTe QWs (7.4 and 7.5 nm in diameter and 1—10
um in length) with mixed zinc blende/wurtzite (ZB/W) and
predominantly W crystal structures, respectively. A two-step
thermal—photoexcitation process*® was implemented to
significantly improve the surface passivation and the ®p; of
the as-synthesized CdTe QWSs and to obtain samples of
enhanced CdTe QWs. See Supporting Information section 1
(SI §1) for more details of the NP syntheses.
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Extinction spectra of these NPs were collected, and
particular attention was paid to removal of any scattering
components in order to obtain the Abs(E) spectra of the NPs,
as described in SI §2. Care was also taken either to account for
absorption contributions from ligands or solvent molecules in
the samples or to avoid analyzing spectral regions where these
contributions are significant. The Abs(E) spectra (black
spectra in Figure 1) contain features or local maxima
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Figure 1. Absorption (Abs(E), black), photoluminescence (PL(E),
blue), and photoluminescence efficiency (PLgg(E), red) spectra for
(a) W CdSe QDs (5.7 nm diameter) in toluene, (b) W CdSe QPs
(~1.8 nm thick) in toluene/oleylamine (1:1 v/v), (c¢) W CdTe QWs
(6.0 nm diameter) in tri-n-octylphosphine, and (d) enhanced ZB/W
CdTe QWs (7.4 nm diameter) in tri-n-octylphosphine. Peak energies
of quantum-confinement states are plotted as dotted lines.

associated with transitions or groups of transitions between
quantum-confinement states of the electron in the CB and the
hole in the VB. The energies of prominent absorption features
were determined using second-derivative analyses, as described
in SI §3, and the results are listed in Table SI. The spectral
assignments for the features within the spectra of the CdSe
QDs and CdSe QPs are included in Figure 1, but because of
mixing of the quantum-confinement states in the VB of the
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CdTe QWs,"” only the states accessed in the CB are used as
labels in Figure Ic,d.

The PLE(E) spectrum of each sample was recorded so that
the corresponding PLgg(E) spectra could be obtained using eq
1. Since the shapes of the PL(E) spectra of the NP samples
(blue spectra in Figure 1) do not change with excitation
energy, any features observed in the PLyg(E) spectra cannot be
attributed to issues with the collection of the PLE(E) spectra
as described in SI §2. The PLyg(E) spectra (red) for these four
NPs, normalized to unity, are included in Figure 1. The trends
observed in the PLyy(E) spectra were verified by separately
measuring @p; values at numerous excitation energies (Figure
S18). For reference, ®p 27.5% was measured using
excitation at 2.230 eV for the CdSe QDs, ®@p; = 17.5% was
measured at 2.883 eV for the CdSe QPs, @y = 0.16% was
measured at 2.850 eV for the CdTe QWs, and ®p; = 13.5%
was measured at 1.922 eV for the enhanced CdTe QWs.

There is clearly an EED of the PL efficiency for each NP
sample, as the values in the PLyg(E) spectra do not remain
constant with excitation energy. There is a prominent
minimum just above the band-edge energy in the PLyy(E)
spectra of the CdSe QDs, CdSe QPs, and CdTe QWs.
Additional minima are observed at higher energies for the
CdSe QDs and CdTe QWs. A second-derivative analysis was
performed on each PLgg(E) spectrum to identify the energies
of the minima, and the values are listed in Table SI. There are
also notable decreases in the efficiencies for the CdSe QDs and
CdSe QPs with increasing excitation energy. The PLpg(E)
spectrum of the enhanced CdTe QWs increases slightly and
then decreases with excitation energy with no discernible local
minima. Unfortunately, we could not record reliable data to
even higher energies for any of the samples because of
overlapping ligand or solvent absorption.

The additional energy imparted to the carriers with
increasing excitation energy could affect the dynamics of the
carriers in the states close to the band edge. These dynamics
would have to include an increase in the nonradiative processes
at the band edge in order to yield a decrease in PL efficiency
with increasing energy. These processes would result in
changes in the lifetimes of the carriers at the band edge and
of the time-resolved PL decay (TRPLD) profiles recorded at
different energies using pulsed excitation. The PL lifetime
(7pp) can be measured by fitting each TRPLD profile to an
exponential decay. If no nonradiative processes are incurred
during intraband relaxation of the carriers, the @y value at
each excitation energy would then change with 7p; according

48
to

T,
@, x —£.100%
Trad

)

where 7,4 is the radiative lifetime of the NP. An increase in the
contributions from nonradiative, nonreversible pathways
would result in a decrease in 7p, and a reduction in ®@y;.
Although the TRPLD profiles of semiconductor NPs are often
multiexponential, the same trend would be observed; a
decrease in the average decay lifetime, 7,5y, would result in
a decrease in @y, .

To investigate this possibility, the TRPLD profiles and ®p
values for several NP samples were measured as a function of
excitation energy. The TRPLDs were recorded by detection of
emission at the maximum of the PL(E) spectrum using low
excitation fluences to minimize the effects of multicarrier
interactions. The Abs(E) and PL(E) spectra along with the
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TRPLDs collected for these samples are shown in Figures
§19—22. The TRPLD profiles are multiexponential, and each
was fit to a sum of exponentials. From the fit parameters, listed
in Tables SII-SV, a 7,yg for each excitation energy was
calculated. The @, and 7,y values obtained for each sample
are plotted in Figure 2. Although significant decreases in the
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Figure 2. Comparison of 7,y (black solid squares) and ®@p; (purple
open circles) values measured at multiple excitation energies for (a)
W CdSe QDs (5.7 nm diameter) in toluene, (b) W CdSe QPs (~1.8
nm thick) in toluene/oleylamine (1:1 v/v), (c) W CdTe QWs (6.0
nm diameter) in tri-n-octylphosphine, and (d) enhanced ZB/W
CdTeQWs (7.4 nm diameter) in tri-n-octylphosphine.

@y, values were measured with increasing excitation energy,
no appreciable changes in 7,y were identified for any of these
samples. The nearly constant 7,y for each sample indicates
that the dynamics at the band edge does not depend on the
excitation energy. Instead, the decreasing PL efficiency with
increasing excitation energy observed for a majority of the
samples investigated arises because charge carriers access
nonradiative pathways during relaxation to the band edge.
The schematic in Figure 3a illustrates how a continuum of
carrier trap states, or nonradiative relaxation pathways, would
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Figure 3. Three electron-trapping mechanisms that would yield contrasting PLg(E) trends. Excitations at high (purple), moderate (blue), and low
(red) photon energies, indicated as upward arrows, are superimposed on a generic schematic of quantum-confinement states within the CB (gray)
of an NP. Intraband relaxation of excited electrons to the lowest-energy CB state is depicted by downward arrows. The role of each type of electron
trap that could contribute to the PLg(E) spectra is illustrated at the right in the corresponding panel. The points on the PLy(E) spectra indicate
the values that would be measured with excitation at each arrow. The panels illustrate (a) a continuum of trap states spanning the entire CB region,
(b) a discrete number of charge-transfer traps that would be sampled during relaxation, and (c) a discrete number of optically coupled charge-

transfer traps that would only be accessed during photoexcitation.

result in a monotonically decreasing PL efficiency with
excitation energy. The schematic shown is for electrons in
the CB, but a similar diagram would be appropriate for holes in
the VB. Quantum-confinement states within the CB (black
horizontal lines) of the semiconductor NP are energetically
overlapped by a continuum of electron traps (black rectangle),
which are likely on the surface of the NP. These traps would
remove photogenerated electrons from the semiconductor CB
at any energy and reduce the probability for relaxation of
electrons to the band edge. Excitation of the electron just
above the band edge (short red arrow) would sample only a
small energetic range of the traps during relaxation to the band
edge, and the @ value would be only slightly reduced. For
higher photoexcitation energies (blue and purple arrows), the
electron would be promoted to higher-energy quantum-
confinement states within the semiconductor CB. The total
number of traps accessible during intraband relaxation of the
electron would increase at these excitation energies. As a result,
the probability that the electron would reach the band edge
and the ensemble ®p would decrease with increasing
excitation energy. This type of carrier trapping is consistent
with the decreasing efficiencies in the ®p (E) and PLgg(E)
spectra with increasing excitation energy and the independence
of the 7,y values on excitation energy.

A scenario of energetically discrete traps within the CB is
illustrated in Figure 3b. The photoexcited electron would
become trapped during intraband relaxation only when it is at
the same energy as one of the traps. In general, the total
number of traps sampled during relaxation would increase and
the ®p; would decrease at higher excitation energies. If a
PLg(E) spectrum was recorded for an NP sample with these
energetically localized electron traps, an EED that decreases in
a steplike fashion with increasing energy would be observed.
We did not observe this type of EED for any of the samples
investigated.

A different scenario that would yield local minima in the
PLyi(E) spectrum of an NP, which is commonly observed, is

3252

illustrated in Figure 3c. Here there are energetically localized
traps or channels for nonradiative pathways that can be
accessed only with optical excitation at that energy. An
electron excited to an energy not resonant with one of these
traps would relax to the band edge with perfect efficiency.
Thus, the PLgg(E) spectrum for an NP with optically coupled
traps would be constant except at the energies of the traps,
where there would be dips or minima. This type of optically
coupled carrier trapping would also yield 7,y¢ values that do
not change with excitation energy.

The PLgg(E) spectra of the CdSe QDs and QPs (Figure
1a,b) suggest that the NPs in each sample have a continuum of
traps and multiple localized, optically coupled trap states
present on their surfaces. The energies of these discrete traps
tend to be away from the transition energies associated with
transitions between quantum-confinement states (Table SI).
Instead, they tend to be in energetic regions with a lower DOS
for these NPs. The as-synthesized CdTe QWs (Figure Ic)
have a very low @y at all energies, and they also have multiple
localized, optically coupled traps that compete with intraband
relaxation. It should be noted that the energies of the minima
in this PLyg(E) spectrum seem to shift relative to the maxima
in the absorption spectrum (dotted lines). As can be seen in
Figure 1c, the minima near 1.95 and 2.22 eV are just below the
absorption peaks at ~2.01 and ~2.29 eV, but the minimum at
~2.52 eV is nearly isoenergetic with the maximum of the 10/
2% /1T absorption feature at ~2.52 eV. As a result, we do not
associate the minima with the excitonic transitions. Lastly, the
poor overall PL efficiency of these CdTe QWs likely results
from nonradiative dynamics of the carriers at the band edge.
The enhancement of the CdTe QWs resulted in a dramatic
increase in the emission efficiency at all excitation energies, and
the nature of the surface traps changed. The PLgg(E) spectrum
for the enhanced CdTe QWs (Figure 1d) suggests that there is
a continuum of surface trap states, particularly at higher
energies, that competes with relaxation of the carriers to the
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band edge. There are no obvious local minima in this PLgg(E)
spectrum.

The surface chemistry of the NPs appears to play significant
roles in determining the dynamics of photogenerated charge
carriers and the EED of the PL efficiency. This is illustrated by
comparing the PLyg(E) spectra of the CdTe QWs included in
Figure 1lc,d. The postsynthetic treatment of the CdTe QWs
increases the @y values of the QWs and changes the
properties of the PLy(E) spectrum. These results are
consistent with those reported by Hoy et al.*®> on QDs. In
that Letter, the PLgg(E) spectrum of a sample of CdSe QDs
contained both localized minima and a decreasing efficiency
with excitation energy, similar to that shown in Figure la. In
contrast, there were no minima present, just a monotonically
decreasing efficiency with excitation energy, in the PLyg(E)
spectrum of a sample of CdSe/ZnS QDs.”> The @y, values of
the CdSe/ZnS QDs were notably higher than those of the
core-only CdSe QDs, and the energetically localized, optically
coupled traps were removed in the core/shell heterostructure.

The discrete optically coupled traps attributed to the local
minima observed in the PLyx(E) spectra of several of these
NPs could arise from multiple types of semiconductor—surface
molecule interactions. Numerous reports have indicated the
presence of such resonances in the excitation spectra of
semiconductor QDs,*™>° and most of these agree that the
coupling mechanism is similar to the metal—ligand coupling
associated with surface-enhanced Raman scattering (SERS).?
The coupling equation implemented for characterizing the
polarizability or SERS spectrum contains three resonance
terms in the denominator: one for Mie scattering, one for
charge transfer, and one for exciton resonance (see eq S in ref
52). The numerator of the coupling equation includes a
product of terms for excitonic electron—hole transitions in the
semiconductor, charge-transfer (CT) transitions, and a
Herzberg—Teller term that results from breakdown of the
Born—Oppenheimer approximation and mixing of the semi-
conductor and surface molecule vibronic functions.””*>*® The
strengths of these coupling terms depend on the semi-
conductor type, the shape of the NP, the specific quantum-
confinement states excited, and the surface molecules and their
orientations relative to the NP surface.”” > Because of the
small sizes and volumes of the NPs investigated here,
resonances associated with Mie scattering are likely not
relevant. As mentioned above, we do not associate the minima
in the PLpg(E) spectra with excitonic transitions. Thus, we
focus on the possible role of CT transitions and Herzberg—
Teller coupling.

The CT transitions are nonvertical transitions between
either the quantum-confinement states in the VB of the
semiconductor and unoccupied molecular orbitals of surface
ligands or the occupied molecular orbitals of the ligands and
states in the CB of the semiconductor.’’***® These CT
transitions borrow intensity from either surface ligand or
excitonic transitions. They result in the enhancement of the
NP longitudinal optical phonons as well as vibrational
excitation of the surface li§ands, which are both observed in
Raman spectra of the NPs.*”****>% Mack et al.>* recorded the
Raman spectra of CdSe QDs with several different types of
surface-ligand passivation using a single resonant excitation
energy. For CdSe QDs passivated with thiophenolate (PhS),
they determined that there were enhancements of the a; and b,
Raman modes of the PhS molecule, which lie in the 970—1700
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cm™! window. They also found that the coupling with the
ligand vibrational modes is more pronounced for smaller QDs.

The spacings between the minima in the PLy(E) spectrum
of the CdSe QDs range between 1140 and 1610 cm™', and
those in the CdTe QWs are notably larger, ranging from 1770
to 2400 cm™'. There are no clear energy progressions or
frequencies that can be associated with the Raman- or infrared-
active vibrational modes of any of the passivating ligands on
these NPs.>” Nevertheless, we propose that the CT transitions
that spectrally overlap with the absorption spectra of the NPs
result in photoexcitation of fewer electrons or holes in the
semiconductor at discrete excitation energies and in minima in
the PLgy(E) spectra. It would be interesting to record the
Raman spectra as a function of excitation energy and compare
the EED of the intensities of the Raman spectral features with
that of the PLyg(E) to identify the role of CT and the specific
vibrational modes involved.

It is important to emphasize that the EED trends reported
for each type of NP in Figure 1 are not universal for that NP.
Rather, the data presented in this Letter indicate that there is
commonly an EED of the PL efficiency for an NP and that it
depends on many factors. Consider for instance the PLyg(E)
spectra of CdSe QDs. The PLgg(E) spectrum of the W CdSe
QDs (~4.1 nm diameter) in Figure 4a contrasts with the
spectrum collected for slightly larger W CdSe QDs (~5.7 nm
diameter) in Figure la. The PLy(E) spectra of both QD
samples contain multiple minima, but the spectrum of the 5.7
nm CdSe QD sample, which has ®, = 11.5(4)% at an
excitation energy of 2.78 eV, decreases substantially with
increasing excitation energy through this spectral region. The
EED of the smaller QDs (Figure 4a) does not contain this
large drop in efficiency, and it is consistent with the PLyx(E)
spectra reported for CdSe QDs (~2.96 nm diameter).>” The
origins of the different EEDs for these CdSe QD samples are
not clear, but we have found that the handling of the same
sample during preparation can result in similar differences in
the trends.

Figure 4b,c shows the spectral data for samples of W CdSe
QBs (~1.8 nm thick) dispersed in toluene and dichloro-
methane, respectively. The absorption spectra for these
pseudo-1D QBs are nearly identical to those of the W CdSe
QPs plotted in Figure 1b since the thickness of these NPs,
~1.8 nm, dominates the quantum-confinement energies and
transition strengths. The PL(E) spectra of the CdSe QBs
suspended in the two solvents have similar tails extending to
lower energies, a feature commonly associated with trap states
below the band edge. There is a measurable dependence of the
Stokes shift of the PL maximum on the solvent for these CdSe
QBs; the Stokes shifts are ~54 and ~30 meV for the QBs in
toluene and dichloromethane, respectively. The two samples
have nearly identical ®p; values of 0.20(1)% and 0.22(1)%
measured at an excitation energy of 3.14 eV, which is where
the PLpg(E) spectra are normalized to unity. Despite the
similar @p; values, there are a couple of noticeable differences
between the PLyg(E) spectra. Both PLyg(E) spectra have a
minimum near the energy of the 1,—1A absorption feature, but
the minimum is more pronounced for the dichloromethane
sample. In addition, the efficiency of the sample in toluene
decreases with increasing energy, but the efliciency measured
for the CdSe QBs in dichloromethane remains nearly constant.
These observed differences for the same CdSe QBs suspended
in different solvents could be due to contrasting surface
passivation induced by the solvents, but the overall similar ®p,
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Figure 4. Abs(E) (black), PL(E) (blue), and PLgg(E) (red) spectra
for (a) W CdSe QDs (~4.1 nm diameter) in toluene, (b) W CdSe
QBs (~1.8 nm thick) in toluene, (c¢) W CdSe QBs (~1.8 nm thick) in
dichloromethane, and (d) enhanced W CdTe QWs (~7.5 nm
diameter) in tri-n-octylphosphine, which exhibit different EED trends.
Peaks in the absorption spectra are indicated with dotted lines and

labeled.

values suggest otherwise. Instead, we deduce that it is the
solvent itself that gives rise to these differences in the EED
trends.

Lastly, the surface passivation of the CdTe QWs also gives
rise to changes in the EED. The PLg(E) spectrum for the
enhanced ZB/W CdTe QWs (7.4 nm diameter and @y =
13.5% measured at 1.922 eV), shown in Figure 1d, has a small
rise, an overall maximum just above 1.9 eV, and then a
decrease in efficiency with increasing excitation. A sample of W
CdTe QWs (~7.5 nm diameter) was enhanced in a similar
manner, reaching ®p; = 25(3)% at an excitation energy of 2.12
eV. The PLyg(E) spectrum for this sample (Figure 4d) has a
steeper rise to a maximum near 2.16 eV and then a slightly
faster decrease in efficiency with excitation energy. Thus, while
the maximum value of the @y, is higher for this second sample,
the shape changed. In fact, if the ®p had been measured for
this sample at an excitation energy of 1.922 eV, it would be

~20%, a bit closer to the value measured for the first sample.
During the enhancement process, it is primarily the surface of
the CdTe QWs that is being changed with the addition of a
CdS monolayer on the surface,*® and this reduces the number
of traps and nonradiative pathways that can be sampled.

In summary, the PL efliciencies of semiconductor NPs
typically have a dependence on the excitation energy. The
details of the EED trends do not appear to depend on the
dimensionality of the NP. Instead, the trends seem to depend
significantly on the nature of the surface of the NP. A majority
of the samples investigated have energetically localized minima
in the PLyg(E) spectra at excitation energies that lie between
the maxima of the absorption features. We propose that these
local minima arise from excitation of charge carriers into
optically coupled surface trap states with likely contributions
from CT transitions. An overall decrease in the radiative
efficiency with increasing excitation energy was also observed
for a majority of samples. This EED trend is attributed to the
presence of a continuum of nonradiative carrier traps that can
be accessed during intraband relaxation of the carriers to the
band edge. Two samples of enhanced CdTe QWs also
exhibited increasing emission efficiency with increasing
excitation energy just above the band edge. This trend is
associated with a continuum of optically coupled traps at lower
excitation energies that decreases in density with increasing
energy. We conclude that the roles of the nonradiative
pathways, especially those of the optically coupled trap states,
are largely dictated by the surfaces of the NPs and the ligands
on their surfaces. It also appears as though the solvent in which
the NPs are suspended can also contribute to the properties of
the PLyg(E) spectrum. The data presented do emphasize the
importance of reporting the excitation energy when probing
photoluminescence quantum vyields or dynamics and of
characterizing the EED of semiconductor NP samples.
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