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ABSTRACT: Luminescent copper indium sulfide (CIS) nanocrystals are a potential R i)
solution to the toxicity issues asg(l))ciated with Cd- and Pb-based nanl;)ycrystals. HowI;ver, the Nonradlatlve e
development of high-quality CIS nanocrystals has been complicated by insufficient &
knowledge of the electronic structure and of the factors that lead to luminescence /

quenching. Here we investigate the exciton decay pathways in CIS nanocrystals using time-

resolved photoluminescence and transient absorption spectroscopy. Core-only CIS &

nanocrystals with low quantum yield are compared to core/shell nanocrystals (CIS/ZnS @

and CIS/CdS) with higher quantum yield. Our measurements support the model of

photoluminescence by radiative recombination of a conduction band electron with a \

localized hole. Moreover, we find that photoluminescence quenching in low-quantum-yield —

nanocrystals involves initially uncoupled decay pathways for the electron and hole. The =
electron decay pathway determines whether the exciton recombines radiatively or

nonradiatively. The development of high-quality CIS nanocrystals should therefore focus

on the elimination of electron traps.

S emiconductor nanocrystals (NCs) show intriguing opto- chalcogenide NCs (e.g., PbSe and CdSe) the PL originates
electronic properties that differ from bulk and depend on from radiative recombination of a delocalized electron in the
the size and shape of the NC."” Cadmium and lead conduction band (CB) with a delocalized hole in the valence
chalcogenide NCs are the most extensively studied photo- band (VB), the origin of PL in CIS NCs is still under
luminescent semiconductor NCs, showing emission in the debate.'>'° A commonly invoked mechanism to explain the
visible and near-infrared spectral window. However, their intriguing characteristics of the PL of CIS NCs (viz, broad
utilization in consumer products is limited by toxicity concerns. bandwidths of ~200—300 meV, long lifetimes of hundreds of
This has motivated increasing research effort into compositions nanoseconds, and large Stokes shifts of ~300—400 meV) is

based on less toxic elements while possessing similar properties.
Copper indium sulfide (CulnS,, CIS) NCs show size-
dependent photoluminescence (PL) in the red to near-infrared
spectral window and large absorption coeflicients and are
therefore a promising alternative for lead or cadmium
chalcogenide NCs in applications such as light-emitting
diodes,®>™® photovoltaics,é_8 luminescent solar concentra-
tors,”'° and bioimaging.“’12 However, the low PL quantum . 19,24-26 he hole. 728 th ; tivel
yields (QYs) of bare CIS NCs (typically below 5%)"* preclude ¢ .ectron or the hole, . that recomblnes radiatively
their direct application. Improvement of the PL QYs can be with the remaining delocahzed'charge carrier. Yet another
achieved by overcoating the NCs with a shell of wide band gap model was recently proposed, which precludes the involvement
semiconductors. "+~ i : 20
reported for CIS/CdS core/shell NCs, which show PL QYs up CB electron states with dark and bright VB hole states.” To
to 86%,”"* while for CIS/ZnS core/shell NCs, PL QYs up to make the next step in the improvement of the PL QY of CIS
70% have been reported.'*'® Alternative strategies to obtain
high PL QY CIS-based core/shell NCs employing exclusively Received: July 28, 2016

donor—acceptor pair recombination involving native point
defects,'”**~** which is based on the assumption that the
exciton radiative recombination mechanisms in nanoscale and
bulk CIS are the same. This model does however not explain
the size dependence of the PL energies, which follow the same
trend as that observed for the absorption transitions. Other
models involve one localized charge carrier, either the

To date. the best results have been of localized carriers, ascribing the PL to the recombination of
)

cadmium-free materials are desired but have not yet been Accepted: August 23, 2016
devised. In fact, while in the well-known lead and cadmium Published: August 23, 2016
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NCs, a better understanding of the nature of the emitting state
and of the prevailing efliciency-limiting processes is needed. As
recent publications showed that the PL characteristics of
copper-doped II-VI semiconductor quantum dots are very
similar to those of CIS NCs,*#3%%! a better understanding of
excited-state dynamics in CIS NCs would also provide insight
into the optoelectronic properties of copper-doped semi-
conductor NCs.

In this work, we study the excited-state dynamics in CIS core
and core—shell NCs using transient absorption (TA) and time-
resolved PL spectroscopy. We compare bare CIS NCs with a
relatively low QY (2%) to core/shell NCs with higher QY
(CIS/ZnS, 29%; and CIS/CdS, 86%), aiming at a better
understanding of the competition between radiative and
nonradiative decay pathways that lead to the differences in
QY. (see the Supporting Information (SI), Methods, for
details). The CIS core NCs have a chalcopyrite crystal structure
and a trigonal pyramidal shape with a base of 2.5 + 0.4 nm and
height of 24 + 0.3 nm (SI, Figure S1A). The featureless
absorption spectrum extends to ~650 nm, while the broad PL
peak is centered at 660 nm with a full width at half-maximum
(fwhm) of 300 meV, corresponding to a Stokes shift of 436
meV (Figure 1A and SI, Figure S2). The NC shape is preserved
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Figure 1. (A) Steady-state absorption (dashed lines) and PL (solid
lines) spectra of CIS NCs (red), CIS/ZnS core/shell NCs (blue), and
CIS/CdS core/shell NCs (green). PL excitation spectra are shown in
the SI, Figure S2. (B) PL decay curves of the three samples (data
points), fitted with a biexponential function (solid lines). The fits yield
decay constants of 25 and 207 ns for CIS core NCs, 201 and 357 ns
for CIS/ZnS NCs, and 209 and 566 ns for CIS/CdS NCs. The inset
shows a zoom-in on the first 20 ns.

after CdS shell overgrowth, while the size increases (base: 3.1 =
0.4 nm; height: 3.0 + 0.3 nm; Figure S1B). This corresponds to
a shell thickness of 1 monolayer. The PL and absorption
spectra shift to higher energies upon shell overgrowth, for both
ZnS and CdS shells (Figure 1A). A blue shift of the optical

transitions is commonly observed after ZnS overcoating of CIS
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NCs and also in the early stages of CdS shell growth on CIS
NCs'* but is nevertheless not yet well-understood. It has been
ascribed to alloying,">'***® size reduction due to cation
exchange37 or etching,14’34’37 interfacial strain,*® and surface
reconstruction.” Shell overgrowth is observed to greatly
improve the PL QY, from 2% for the CIS NCs to 29% for
CIS/ZnS NCs and 86% for CIS/CdS NCs. The PL lifetimes
become longer with increasing QY (Figure 1B), indicating that
nonradiative recombination pathways in core NCs are
(partially) removed upon shell growth."*'*** In contrast, the
Stokes shift and PL bandwidth are hardly affected by the shell
overgrowth (Figure 1 and SI, Figure S2). This indicates that the
electronic transitions observed in the optical spectra of bare and
core/shell CIS NCs are the same.

Using TA spectroscopy, we look more closely at the
subnanosecond quenching processes taking place in the NCs
after excitation. The NCs dispersed in hexane are excited with a
short (170 fs) pump laser pulse at S00 nm, after which a broad-
band probe pulse (350—1600 nm) at variable time delay
records changes in the NC absorption spectrum. The different
processes relevant to the TA experiments carried out in this
work are schematically shown in Figure S3 (SI). Figure 2A
shows TA spectral slices (two-dimensional TA images are
shown in the SI, Figure S4) for CIS NCs for pump—probe
delay times between 1 ps and 2 ns. A negative signal (ie, a
photoinduced reduction in absorption) appears at around 530
nm, at the same wavelength as the shoulder in the steady-state
absorption spectrum (Figure 1A and SI, Figure S7). This signal
is therefore assigned to the band edge bleach, in agreement
with previous reports.”>*”**~* In the infrared (700—1600
nm), a broad positive signal is observed. We assign this to
excited-state absorption and will discuss its possible nature in
more detail below. The observation of photoinduced
absorption in CIS NCs is consistent with previous TA
measurements in the red and near-infrared,”>*° and the data
presented here reveal the true magnitude of this TA spectral
feature. Both the positive and negative signals decay partially on
the nanosecond time scale investigated. The TA spectral slices
of CIS/ZnS NCs (Figure 2B and SI, Figure SS) are qualitatively
similar to those for the bare CIS NCs. Again, we observe a
decaying band edge bleach signal at 530 nm and a broad
decaying excited-state absorption signal. The situation is
different in CIS/CdS NCs (Figure 2C and SI, Figure S6).
The band edge bleach and excited-state absorption signals are
observed as well, but they hardly decay on the nanosecond time
scale investigated here. While the band edge bleach persists
over (at least) the first 3 ns, the PL decay trace of CIS/CdS
NCs shows no rise on a nanosecond time scale (Figure 1B).
We therefore exclude the donor—acceptor pair recombination
model because in this model the PL should originate from two
trapped charge carriers, which would not produce a band edge
bleach signal, in clear contradiction with our observations.

Recent work by Knowles et al.”® and Rice et al.”' reported
the observation of magnetic circularly polarized luminescence
in CIS NCs. Both groups concluded that the PL in CIS NCs
originates from radiative recombination of a delocalized
electron with a localized hole, in agreement with previous
reports,*** and proposed that the hole localizes, specifically,
on a Cu ion.”®*! However, on the basis of the observation of
magnetic circular dichroism spectra, the authors of ref 31
conclude that paramagnetic Cu** ions are already present in the
CIS NCs prior to photoexcitation, while ref 28 proposes that
paramagnetic Cu®" ions are only formed after photoexcitation,
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Figure 2. Spectral slices of TA measurements of the three samples
(pump wavelength: 500 nm; fluence: 2.2 X 10" photons/cm?): (A)
CIS NCs, (B) CIS/ZnS NCs, and (C) CIS/CdS NCs. 2D TA spectra
are provided in the SI (Figures $4—S6).

upon localization of a photogenerated hole on a Cu" ion. As
will be discussed below, our observations are not consistent
with the presence of ground-state Cu®* ions and therefore
support the latter scenario. We assign the band edge bleach
observed in our TA data (Figure 2) to the electron in the
lowest-energy delocalized CB state. Indeed, previous work by
Li et al.'* has shown that the state responsible for the ground-
state bleach in the TA spectra of CIS NCs has a two-fold
degeneracy, consistent with an electron state.”* We attribute
the excited-state absorption to the hole localized on a Cu atom.
The signal could be due to ligand-to-metal charge-transfer
transitions where the hole is excited to a VB level.*’ This type
of transition is expected to strongly couple to phonons.
Moreover, the degeneracy of the VB is high.44 This explains
why the excited-state absorption band is broad and featureless.
Note that intraband absorption transitions between CB states,
on the other hand, would be expected to show up as well-
defined peaks in the mid-infrared at around 2000 nm** because
there is a single CB in CulnS, with an effective electron mass
similar to that in CdSe.*”***® We do not observe these
transitions due to the limited spectral range covered in our TA
experiments. Interestingly, in the steady-state absorption
spectrum, none of the samples shows any significant absorption
in the 800—1600 nm range (SI, Figure S8). Moreover, laser
excitation with sub-band-gap energy does not induce any
observable TA signal. This implies that localized holes and/or
excess carriers are either absent or have negligible concen-
trations prior to the photogeneration of excitons. We must
therefore conclude that copper ions are monovalent in the NC
ground state, while Cu** forms only after capture of a
photogenerated hole. This observation is inconsistent with
the model proposed in ref 31.

The TA decay dynamics of the three samples are shown in
Figure 3A—C, normalized to the signal at 2.5 ns. In the analysis,
we can neglect effects of Auger recombination of multiexciton
states because the estimated number of excitons per NC per
laser pulse is (Np) = 0.03 (SI, Figures S9 and S10). The
dynamics of the band edge bleach (averaged from 540 to 570
nm; ascribed to CB electrons) are plotted in blue, and those of
the excited-state absorption (averaged from 750 to 800 nm;
ascribed to localized holes) are in red. The raw data (i.e., prior
to normalization, Figure 4A—C) show that the signal from the
delocalized electron (blue) is approximately four times stronger
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Figure 3. Comparison of the dynamics of the band edge bleach (blue) and excited-state absorption (red) signals for the three samples: CIS core
NCs (A), CIS/ZnS core/shell NCs (B), and CIS/CdS core/shell NCs (C). Both the excited-state absorption and the band edge bleach signal are

normalized to the signal at t = 2.5 ns.
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Figure 4. (A—C) Decay dynamics of the TA signals, with the band edge bleach signal in blue and the excited-state absorption in red. The solid lines
are fits of our model to the lighter colored data points. Both the excited-state absorption (red) and the band edge bleach (blue) are normalized to the
signal amplitude of the excited-state absorption (red) at t = 0. The green circle in panel A is the initial amplitude of the band edge bleach in the
absence of ultrafast electron trapping (see the main text for discussion). (D) Schematic representation of the model proposed. After photoexcitation
creating an exciton, there is fast localization of the hole. A distribution of electron trapping rates makes the TA signal decay multiexponential. A
trapped electron recombines nonradiatively with the localized hole, while a delocalized electron recombines radiatively with the localized hole. The
fitted “radiative lifetime” of 80 ns, based on the data on CIS/CdS NCs, is a rough estimate and cannot be determined accurately because our TA
experiment has a too short time range (see also Figure 1). The fitted time constants for electron trapping are 6.1 & 1.1 ps (with a contribution of
21.3 + 0.4%), 173 =+ S ps (21.0 + 0.3%), and 6.0 + 0.4 ns (57.7 + 0.2%) for CIS core NCs and 6.4 + 0.5 ps (13.9 = 0.5%), 129 = 3 ps (19.9 +
0.3%), and 19.2 + 0.8 ns (66.2 = 0.1%) for CIS/ZnS. The time constant for nonradiative recombination of the trapped electron with a localized hole
is 905 + 33 ps, obtained from a global fit to the excited-state absorption transients. The ratio of excited-state absorption and ground-state bleach
cross sections is 0.236 + 0.002. See the SI for more details of the model and the fitting procedure.

than that from the localized hole (red) because the transitions fast picosecond dynamics of the bleach signal in CIS and CIS/
probed have different cross sections. For the CIS core NCs, the ZnS NCs to trapping of CB electrons. Indeed, trapping of the
initial signal intensity at t = 0 from the delocalized electron is CB electron would make it unobservable in our TA experiment,
relatively weak (significantly less than four times stronger than while this process does not immediately affect the hole
the hole signal). This points to ultrafast electron trapping in population. Subsequently, trapped electrons recombine non-
some NCs on subpicosecond time scales that cannot be radiatively with the hole on a nanosecond time scale, eventually
resolved in our TA experiment. Without ultrafast electron leading to the observation of coupled populations. Interestingly,
trapping, the initial bleach signal in CIS NCs at t = 0 would be the drops in population over 2.5 ns show an inverse correlation
at the green circle in Figure 4A. with the PL QYs of the samples, confirming that the
The decay dynamics of the populations of CB electrons subnanosecond charge carrier dynamics reflect nonradiative
(blue) and localized holes (red) are different on the picosecond recombination pathways.
time scale, as most clearly visible in the normalized data (Figure These observations are used to build a simple kinetic model
3A—C). The electron population decays more rapidly than the (Figure 4D) for the charge carrier dynamics and nonradiative
hole population in CIS and CIS/ZnS. However, the intensity recombination pathway in CIS NCs. It involves ultrafast
ratio of electron and hole signals at a delay time of 2.5 ns is the (subpicosecond) localization of the hole, as evidenced by the
same for the three samples (Figure 4A—C). This means that absence of a clear rise in the excited-state absorption signal over
the electron and hole decay pathways are separate on a the instrument response of our setup. Likewise, the electron
picosecond time scale but eventually couple on a nanosecond reaches the lowest CB state on subpicosecond time scales. The
time scale. Indeed, for CIS/ZnS, the electron and hole resulting situation is schematically depicted in Figure 4D, state
populations drop by 44 and 41% over the first 2.5 ns (Figure Il. In some NCs, the electron is subsequently trapped on

4B), respectively, and in CIS/CdS, they drop by 4 and 4% picosecond—nanosecond time scales, giving rise to a fast
(Figure 4C). In CIS core NCs, the drops in electron and hole component in the band edge bleach decay dynamics, resulting

populations are 72 and 78% (Figure 4A) if we take into account in state III. A trapped electron recombines nonradiatively with
the effect of ultrafast electron trapping (see above). We the localized hole, resulting in the approximate nanosecond
conclude that the overall decay of electron and hole decay dynamics of the excited-state absorption (process III to
populations over 2.5 ns must be due to recombination IV). When the electron is not trapped, it recombines radiatively
(radiative and/or nonradiative), which explains why the signal with the localized hole (process II to IV) on nanosecond—
ratio at 2.5 ns is the same for the three samples. We ascribe the microsecond time scales.

3506 DOI: 10.1021/acsjpclett.6b01668
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Our model matches the observed TA dynamics for all three
samples well. The solid lines in Figure 4A—C are the result of a
global fit of the TA dynamics of the three samples (see the SI
for details). The good match confirms that electron trapping is
the first step in the nonradiative recombination pathway in CIS-
based NCs (states II-III in Figure 4D). The multiexponential
electron dynamics in the CIS and CIS/ZnS NCs are modeled
using three NC populations with different electron trapping
rates’ plus a fourth population with ultrafast trapping for the
CIS NCs. Next, the hole dynamics are reproduced for all three
samples with the addition of a single additional fit parameter,
namely, the nonradiative recombination rate of a trapped
electron with a localized hole (states III—IV). The nonradiative
recombination has a fixed rate constant of 1/(905 =+ 33 ps) for
the three samples. However, the probability and the moment
that nonradiative recombination occurs varies because it is only
the second step in the process after electron trapping. This
means that electron trapping is the primary cause for
nonradiative recombination in CIS-based NCs, determining
the overall rate and probability. We find the same results on
data obtained using shorter-wavelength excitation (SI, Figure
S11), confirming the robustness of our model.

The model presented here provides important new insights
into the nonradiative decay pathways of electrons and holes in
CIS-based NCs. At the same time, it confirms recent models for
the nature of radiative decay in these NCs.”**" Radiative decay
(state II to state IV in Figure 4D) is due to recombination of a
hole localized on a Cu ion with a CB electron. This explains the
intriguing characteristics of PL in CIS-based NCs and copper-
doped NCs. Radiative lifetimes are long (Figure 1B) because
the wave function overlap of a delocalized CB electron with a
localized hole is relatively small. Furthermore, the large
apparent Stokes shift and broad emission bands are due to
energy relaxation upon localization of the hole, variations in the
electronic environment of Cu,** and coupling to vibrations.
Indeed, strong vibrational coupling is expected for transitions
with a charge-transfer character (the localized hole effectively
oxidizes a Cu* ion to Cu**) because they are accompanied by
changes in metal-to-ligand bond lc=.ngth.28’49 Moreover, our
observations are consistent with the localization of the
photogenerated hole on a Cu’ ion, in agreement with a
recently proposed mechanism.”® However, we note that our
work does not allow any conclusion regarding the nature of the
hole localization process (i.e., self-trapping onto a regular Cu*
ion, as proposed by Knowles et al,*® or capture by a native
defect, such as a Cu' ion on an In®" site). The recently
demonstrated similarity between the optical pro?erties of CIS
NCs and Cu-doped semiconductor NCs***”*' may be
interpreted as indication that antisite defects (ie., Cuy,”) are
relevant because Cu* doped in II-VI (e.g., CdSe or ZnSe) or
-V (e.g, InP) semiconductor NCs also occupies hetero-
valent sites (e.g, Cucq or Cuy”). Nevertheless, the
unambiguous identification of the hole localization sites in
CIS NCs will require sophisticated techniques, such as electron
spin echo detected electron paramagnetic resonance (ESE-
EPR) and electron—nuclear double resonance (ENDOR)
spectroscopies. ESE-EPR and ENDOR spectroscopies have
been successfully used to identify the nature of donors and
acceptors in Li-doped ZnO quantum dots*>" and could also
shed light on the hole localization process in CIS NCs.

The results presented above show that electron trapping
leading to nonradiative decay is most effectively blocked by
growing a CdS shell around CIS NCs. The shells used in the
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present study are too thin (viz, 1 monolayer) to significantly
affect the carrier localization regime (type-I versus type-II).'
Their impact on the electron recombination pathways therefore
most likely results from differences in their ability to eliminate
electron traps at the CIS surface. The lattice mismatch is 2%
between CIS and ZnS (lattice parameters a,b = 5.52279 A for
CIS,*” and a,b,c = 5.41450 A for ZnS>?) and 5.2% between CIS
and CdS (abc = 581000 for CdS’*). The small lattice
mismatch between CIS and ZnS, in combination with the high
diffusion rates in CIS,”> might favor interdiffusion and alloy
formation, which would result in some surface Cu and In
atoms, thereby preventing the complete elimination of CIS-
related surface traps. In contrast, the larger mismatch between
CIS and CdS would prevent interdiffusion, facilitating the
formation of a CIS/CdS core/shell architecture, in which the
surface of the NCs would be devoid of CIS units and therefore
of CIS-related surface traps.

In conclusion, we have carried out detailed analysis of the TA
dynamics of the band edge bleach and excited-state absorption
signals of CIS core NCs, CIS/ZnS core/shell NCs, and CIS/
CdS core/shell NCs. On the basis of this analysis, we propose a
model that describes two exciton recombination pathways in
CIS and CIS-based NCs, one leading to nonradiative decay and
the other to radiative decay. The radiative decay originates from
recombination of a delocalized electron to a Cu-localized hole,
explaining the large apparent Stokes shift and the long PL
lifetimes. Electron trapping, probably on the surface of the CIS
NCs, is the first step of the nonradiative recombination
pathway. Removing these traps leads to improvement of the PL
QY of CIS-based core/shell NCs.
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