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ABSTRACT: Recent advances in the ytterbium doping of CsPbX; (X = Cl or Cl/Br)
nanocrystals have presented exciting new opportunities for their application as
downconverters in solar-energy-conversion technologies. Here, we describe a hot-
injection synthesis of Yb**:CsPbCl; nanocrystals that reproducibly yields sensitized Yb**
*F;/, — °F,), luminescence with near-infrared photoluminescence quantum yields
(PLQYs) well over 100% and almost no excitonic luminescence. Near-infrared PLQYs
of 170% have been measured. Through a combination of synthesis, variable-temperature

luminescence spectroscopies, we show that the formation of shallow Yb*'-induced
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defects play a critical role in facilitating a picosecond nonradiative energy-transfer

process that de-excites the photoexcited nanocrystal and simultaneously excites two Yb*" dopant ions, ie., quantum cutting.
Energy transfer is very efficient at all temperatures between S K and room temperature but only grows more efficient as the
temperature is elevated in this range. Our results provide insights into the microscopic mechanism behind the extremely efficient
sensitization of Yb** luminescence in CsPbX; nanocrystals, with ramifications for future applications of high-efficiency spectral-

conversion nanomaterials in solar technologies.
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ll-inorganic, metal-halide perovskite CsPbX; (X = Cl, Br,

or I) nanocrystals (NCs) have been the subject of intense
recent research due to their high photoluminescence quantum
yields (PLQY), narrow emission bandwidths, broadband
absorption, and band gap tunability throughout the ultraviolet
(UV), visible, and near-infrared (NIR) spectrum via size
control (quantum size effects) and compositional alloying.' ™
These properties have made perovskite NCs attractive materials
for optoelectronic applications such as LEDs, lasing, displays,
solar cells, and photodetectors.*™® The incorporation of
impurity ions, or doping, in metal-halide perovskite NCs also
imparts interesting optical properties. For example, substitu-
tional B-site doping of CsPbCl; NCs with manganese ions
(Mn®*) gives rise to a broad, red-shifted emission band
centered around 600 nm,” ™’ resulting from the NC
sensitization of internal Mn** d-d emission. Very recently,
successful doping of various trivalent lanthanide ions (or rare
earths, RE) into colloidal perovskite NCs of CsPbCl; and
CsPbCly(;_,)Brs, has been reported.'”"" These materials
display the rich, efficient, and inherently narrow luminescence
teatures of the lanthanides sensitized by the perovskite NCs and
have enabled promising proof-of-principle demonstration of
down-conversion approaches to efficient solid-state lighting and
solar photovoltaics.

Several publications have highlighted the attractiveness of
Yb* as a luminescence activator for applications in solar
spectral shifting and luminescent solar concentration.'”'*~"?
Yb*" has a simple electronic structure involving a single *Fs/,
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excited-state multiplet centered ~1.3 eV above the *F,, ground
state. This energy difference matches the bandgap of silicon
(1.1 eV) well. Whereas extensive work has been done on Yb**
doping of colloidal NaYF,, LaF;, and related insulator NCs,
most intermediate- or narrow-gap colloidal semiconductor NCs
possess soft anions that have low affinity for Yb**, and many
possess tetrahedral cation sites that also disfavor Yb**
incorporation. Sensitized NIR emission has been reported for
colloidal Yb3*—doped CdSe, NalnS,, and PbInS, NCs, but the
resulting NIR PLQYs were relatively small (<~10%), limiting
practical applications.'*'® The successful synthesis of Yb*-
doped CsPbCl; NCs thus addresses a long-standing challenge
in nanocrystal chemistry. Remarkably, not only did this work
demonstrate sensitization of Yb** luminescence by the NCs; it
also described NIR PLQYs that exceeded 100%, attributed to
quantum cutting. Yb*" is a well-known activator for quantum
cutting in bulk crystals, where the process is generally achieved
via co-doping with other lanthanides such as Nd** or
Pt Very little is known about the structural or
photophysical properties of Yb** dopants in perovskite NCs,
however. Here, we apply a combination of synthesis and
spectroscopic methods to examine the microscopic energy-
transfer mechanism responsible for PLQYs > 100% in
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Figure 1. (3, b) TEM and (c) XRD data for undoped d = 13 nm CsPbCl; NCs (red) and d = 16 nm 6.0% Yb**:CsPbCly NCs (blue). The dark spots
in the TEM images result from in situ Pb** reduction by the electron beam, as commonly observed in CsPbX; NCs.** (d, ) Absorbance (dashed
lines) and PL (solid lines) spectra of the same NCs. Yb*" concentrations are defined as [Yb**]/([Yb**] + [Pb*"]), measured analytically on the

purified NCs by ICP-AES.

Yb**:CsPbCl; NCs. Comparisons between Yb** and Mn?*
luminescence activators in perovskite nanocrystals are also
discussed.

In our hands, the synthesis of Yb*>":CsPbCl; NCs following
the methods described in refs 10 and 11 was met with some
difficulties associated with poor precursor solubility (partic-
ularly YbCl;#6H,0). We have therefore developed a hot-
injection synthesis of colloidal CsPbCl, and Yb**:CsPbCl; NCs
following the approach we previously introduced'” for making
Cs,AgBiX (X = Cl or Br) NCs, in which metal-acetate salts
and chlorotrimethylsilane serve as the cation and halide
precursors, respectively (see the Supporting Information for
complete synthetic details). This synthetic route is attractive in
part because of the high solubilities of the acetate precursors in
high-boiling-point organic solvents compared to less-soluble
chloride salts used in other popular syntheses.'”™>' Figure 1
summarizes general characterization data collected for
representative undoped CsPbCl; NCs and (6%) Yb**-doped
CsPbCly; NCs. The transmission electron microscopy (TEM)
images in Figure lab shows cubic crystallites with average edge
lengths of approximately 13 and 16 nm for the undoped and
Yb**-doped CsPbCl; NCs, respectively. Figure 1c shows X-ray
diffraction (XRD) data collected from both samples, consistent
with the perovskite crystal structure without detectable
crystalline impurities. Negligible shifts of the XRD reflections
are observed with Yb’" doping, even at high Yb**
concentrations. Figure 1d,e shows representative room-temper-
ature absorption and steady-state PL spectra of undoped and
Yb**-doped CsPbCl; NCs, respectively. The absorption spectra
of both samples show similar onsets and peak positions. The
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PL spectrum of the undoped CsPbCl; NCs shows strong
luminescence at 410 nm, corresponding to band-edge excitonic
emission. In contrast, the PL spectrum of the Yb**:CsPbCl,
NCs shows very little band-edge luminescence but intense NIR
PL centered at 990 nm, corresponding to the *Fs/, — *F, ), f-f
emission of Yb**. The average lifetime of this Yb** emission is
over 2 ms (see the Supporting Information), approaching its
radiative limit and suggesting little nonradiative quenching of
the emissive excited state. These data demonstrate successful
synthesis of high-quality Yb**:CsPbCly NCs.

To probe the effect of increasing the Yb** doping level, we
performed a series of reactions under fixed conditions, varying
only the nominal [Yb**]:[Pb**] precursor ratio in the reaction
mixture. We do not observe any appreciable changes in the
CsPbCl; NC absorption spectrum with increasing Yb**
concentration (see the Supporting Information), but both
Yb** incorporation and Yb** luminescence intensity appear to
increase with increasing Yb** precursor concentrations before
peaking at a nominal [Yb*"]:[Pb**] ratio of ~0.8 under these
conditions and then decreasing again when this ratio is
increased further (see Figure 2a and the Supporting
Information). Upon analysis, we find a general trend of
increasing NIR luminescence with increasing Yb** incorpo-
ration across the entire series, with some scatter. Figure 2b
plots the excitonic and Yb** *F;,, — °F,,, absolute PLQYs
measured using an integrating sphere (see the Supporting
Information) versus the analytical Yb** concentration in the
NCs. Excitonic PLQYs of the undoped samples are ~20% and
decrease sharply to <1% upon increasing the Yb** concen-
tration to just ~0.7% (see the Supporting Information for

DOI: 10.1021/acs.nanolett.8b01066
Nano Lett. 2018, 18, 3792—-3799


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01066/suppl_file/nl8b01066_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01066/suppl_file/nl8b01066_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01066/suppl_file/nl8b01066_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01066/suppl_file/nl8b01066_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01066/suppl_file/nl8b01066_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01066/suppl_file/nl8b01066_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01066/suppl_file/nl8b01066_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01066/suppl_file/nl8b01066_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.8b01066

Nano Letters

A 504
= 401

7.4% Yb*
5.9% Yb*
4.3% Yb3*

o) rj Vih
). U

|0
2.3% Yb*

0.0% Yb**

(rel.

y
w
o
t

N
o O
—

PL Intensit

0

| | |
600 800 1000
Wavelength (nm)

1
400

L 1)

W
-
N
(&)

1

1

NIR @
o %

4 o

@

Exciton

IQ ? QIQ IQQI CIDQ

2 3 4 5 6 7 8
% Yb** Concentration

200

— N
o (&)
o o
—

NIR PLQY (%) O
3

| | | | |
100 200 300 400 500
N, (sec”)

0

Figure 2. (a) Room-temperature PL spectra of colloidal CsPbCl; NCs
(red) and Yb**:CsPbCly NCs with analytical (nominal [Yb**]:[Pb**])
Yb**concentrations of 2.3% (0.1, orange), 3.0% (0.2, yellow), 4.3%
(0.4, green), 5.9% (1.5, blue), and 7.4% (0.8, purple), all prepared with
a fixed nominal ratio of [Cs*]:[Pb**] = 1.2 in the reaction vessel. Yb>*
concentrations are defined as [Yb*']/([Yb*] + [Pb*']), measured
analytically on the purified NCs by ICP-AES. (b) Exciton (open) and
NIR (closed) PLQYs plotted as a function of Yb** concentration. 4., =
375 nm, CW excitation rate, N, = 369 s~'. The green data are from
reactions without the addition of Yb** (undoped NCs). The blue data
are from reactions varying the nominal Yb** concentrations at a fixed
ratio of [Cs*]:[Pb**] = 1.4. The red data are from additional reactions
varying the nominal Cs* concentrations at a fixed ratio of [Yb*']:
[Pb**] = 0.2. The data represented as triangles are from a reaction at
the highest nominal [Cs*]:[Pb**], where a mixture of CsPbCl; and
Cs,PbCly crystal phases is detected by XRD. (c) NIR PLQYs of a
sample of 5.2% Yb**-doped CsPbCl; NCs plotted as a function of per-
NC photoexcitation rate, tuned by varying the CW photoexcitation
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Figure 2. continued

power at A., = 380 nm. The experimental NIR PLQY reaches 170% at
its highest value.

magnified data). Conversely, the Yb** °F;,, — °F,, PLQYs
increase roughly in proportion to the analytical doping
concentration of Yb*', rising from 10 to 130% for 0.2 and
7.4% Yb*, respectively. At the highest Yb** doping level, we
measure absolute PLQYs well above 100%, confirming this
observation in recent reports."' The Cs* concentration in the
reaction mixture was also found to affect both Yb**
incorporation and the resulting NC optical properties (see
the Supporting Information for details). Figure 2b includes
additional excitonic and Yb** *F;,, — °F,,, PLQY data points
obtained from reactions varying the nominal Cs" concentration,
and these data follow the same trend lines as those obtained
with [Yb**] as the reaction variable, suggesting that the final
Yb** concentration primarily dictates the resulting spectral
properties.

Importantly, the PLQYs of these NCs are somewhat power-
dependent, showing saturation effects even at relatively low
excitation powers. Figure 2c plots the NIR PLQY for 5.2%
Yb**-doped CsPbCly NCs as a function of NC excitation rate.
The PLQY increases from 110% up to 170% upon reducing the
excitation rate by a factor of ~17. PL saturation occurs at these
relatively low excitation rates because of the combination of the
very large absorption cross-sections of the CsPbCly; NCs (o =
42 X 107'* cm?® at 380 nm) with the long Yb** PL decay time
(Tavg > 2 ms; see the Supporting Information). This PL
saturation reflects the introduction of a new nonradiative
relaxation mechanism that only occurs upon photoexcitation of
already-excited NCs. The PLQY of 170% measured here is the
highest for any colloidal NC to date and is very close to the
theoretical maximum of 200% for such a visible-to-NIR
quantum cutting process involving Yb**.

Figure 3a plots the steady-state PL spectra of 7.4%
Yb**:CsPbCly; NCs measured at several temperatures from S
to 265 K. The excitonic PL is much weaker than the Yb** PL,
but it is magnified here (12X) for clarity. At S K, the NIR
region of the PL spectrum shows several resolved features
characteristic of crystal-field splittings in the Yb*" *F;,, — °F,
emission. Increasing the temperature broadens these features,
but the integrated intensities do not drop. Instead, whereas the
excitonic PL intensity decreases rapidly as the temperature
increases, the NIR Yb** ’F;, — ’F,, PL intensity only
increases with increasing temperature. The onset temperature
for this increase is ~50 K, possibly associated with the thermal
excitation of vibrations. Figure 3b summarizes this temperature
dependence by plotting the integrated excitonic and Yb*" *F;
— ’F,, PL intensities versus temperature. The NIR emission
intensity actually triples upon increasing temperature from $ to
265 K. The absorbance of these Yb**:CsPbCl, NCs at the
excitation wavelength changes by <10% over this temperature
range (see the Supporting Information). The integrated NIR
PL is thus 10—200 times more intense than the excitonic PL at
all temperatures. Overall, these data show efficient Yb**
sensitization even at S K, and indicate that some aspect of
the sensitization is thermally assisted. Importantly, these data
show no evidence of thermally activated nonradiative decay of
the luminescent Yb** excited state.

To probe the origins of this extremely eflicient sensitized
NIR luminescence in these Yb**:CsPbCl; NCs, we applied
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Figure 3. (a) Variable-temperature photoluminescence spectra of d =
16 nm 7.4% Yb*":CsPbCl; NCs, measured from 5 (light blue) to 280
K (pink). (b) Integrated NIR and excitonic PL intensities plotted vs
temperature. The excitonic PL intensity is plotted both on same scale
(closed circles) and on a magnified scale (open circles, X5S50) as the
NIR PL.

time-resolved spectroscopic techniques. Figure 4 compares
room-temperature excitonic PL-decay and transient-absorption
(TA) exciton bleach-recovery dynamics measured for a series of
Yb**:CsPbCly NCs with Yb** content ranging from 0—6%. The
time-resolved PL (TRPL) data (Figure 4a) are limited at short
times by an approximately 280 ps instrument response time,
but at longer times, these data show nearly monoexponential
decay with a time constant of ~6 ns, associated with radiative
decay of the exciton (7,4). The PL intensity of the slow
component as a function of time [Ig(t)] can be fit by a
monoexponential decay function at delay times, t, between 5
and 15 ns, defined by:

I(t) = A exp[—t/ 7] W

where A denotes the fitting amplitude and 7 denotes the time
constant. The amplitude of this slow decay component
obtained from fitting the normalized PL decay curves is plotted
versus Yb®* concentration in Figure 4b. This amplitude
decreases with increasing Yb** concentration, indicating a
reduction in slow exciton PL with increasing Yb** doping. To
obtain the amplitude of all fast PL decay (including decay that
occurs faster than the instrument response time), we subtracted
the slow component’s amplitude from the normalized
amplitude, which equals 1 at ¢ = 0. The fast amplitudes are
also plotted in Figure 4b. For comparison, Figure 4b further
plots the ratio of steady-state NIR PL intensity to total PL
intensity at each Yb** concentration: [I(NIR)/I(total)]. The
fraction of fast PL decay roughly tracks this ratio at larger Yb*"
concentrations, but the data show that most of the effect of
Yb* occurs faster than the instrument response (280 ps).

These data thus suggest that Yb** excitation is associated with
very rapid exciton depopulation.

TA data for the same series of Yb**:CsPbCl; NCs exhibit
qualitatively similar trends but provide more information about
short-time dynamics. TA spectra of these samples are all
dominated by a bleach of the lowest-energy exciton transition,
attributable to band-edge state filling upon photoexcitation
(Figure 4c, inset; see the Supporting Information for a full data
set). Figure 4c summarizes the excited-state dynamics for the
various NC samples shown in Figure 4a, plotting TA
amplitudes averaged over the full-width-at-half-maximum of
this band-edge bleach feature versus time. These TA kinetics
were fit using the kinetic model described by Wu et al. for
CsPbBr; NCs (sum of exponentials weighted by their
respective carrier contribution to the band-edge bleach signal;
model details are given in the Supporting Information).”* The
fitting results agree well with those in ref 23 for the undoped
NCs, and we modified the model to account for additional
Yb**-based processes in the doped NCs. As in the TRPL, the
amplitude of the slow component associated with radiative
recombination (nanosecond time constants) systematically
decreases with increasing Yb** content (Figure 4d), suggesting
the introduction of new excited-state recombination pathways
upon doping. Accordingly, two new fast-decay components
(with sub-picosecond and ~10 ps time constants) appear upon
introduction of Yb*" and increase in amplitude with increasing
Yb** content (Figure 4d). These results verify the conclusion
drawn from the TRPL analysis that Yb** doping introduces fast
components in the exciton relaxation dynamics.

The dynamics and VTPL data allow analysis of the very high
quantum yields in these samples. We take the NIR PL quantum
yield to be:

nkg

X D3+
(nkET + krad + ktr) " (2)

Qyirpr, =
in which @y, represents the internal luminescence QY of the
Yb*" activators and ET, rad, and tr and denote energy transfer
to Yb*, radiative band-edge recombination, and carrier
trapping, respectively. Increasing n (the number of optically
active Yb®" activators) results in a higher NIR PLQY as the
branching ratio approaches unity. @y, itself is inherently large,
as determined from the VIPL data in which the NIR emission
shows no thermal quenching when the temperature is increased
toward room temperature. Interestingly, despite the rapid and
efficient energy transfer in combination with the fast carrier
trapping, excitonic luminescence is still observed. We under-
stand this to be the result of a small n (see the Supporting
Information for details and discussion).

It is instructive to compare Yb** and Mn** as luminescence
activators in perovskite NCs. Although both activator ions can
have very high internal quantum efliciencies for luminescence,
the highest PLQYs of the Yb**:CsPbCly NCs (170%, Figure
2c) are almost three times as large as the highest PLQYs
observed from Mn?*:CsPbCl; NCs to date (up to 60%).”~**
Furthermore, energy transfer from the NCs to Yb®' is not
suppressed at cryogenic temperatures, nor is it too slow to
compete with exciton recombination despite the fact that
exciton recombination accelerates to sub-nanosecond time
scales at low temperatures. These characteristics contrast those
of Mn*":CsPbCl; NCs, whose luminescence is completely
dominated by excitonic emission at low temperatures because
energy transfer to Mn** is too slow to compete with exciton
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Figure 4. (a) Room-temperature TRPL decay traces for undoped (black trace) and Yb**-doped (red to purple) CsPbCly; NCs. The instrument
response function (IRF) is also plotted (gray). The IRF curve is shifted downward by 107> for clarity of the logarithmic presentation. (b) Fast and
slow PL decay amplitudes (red) and PL intensity ratio (blue) plotted vs analytical Yb** concentration. (c) First-exciton bleach-recovery kinetics
measured at room temperature. Inset: representative absorption and transient-absorption spectra at the CsPbCl; NC absorption edge showing the
negative first-exciton bleach signal. (d) Fast (red) and slow (blue) TA amplitudes plotted vs analytical Yb*" concentration.

recombination at these temperatures. Energy transfer to Mn>"
in CsPbCl; NCs likely proceeds via a resonant Dexter-type
energy-transfer process involving the NC exciton and an upper
ligand-field excited state of Mn?* at the same energy.” This
energy matching along with the fact that Mn®" experiences
greater covalency with the surrounding lattice should give rise
to much larger electronic coupling and hence greater Dexter
energy-transfer rates compared to Yb’*, which has poor
electronic coupling and no upper excited states at the energy
of the CsPbCl; exciton. Thus, if energy transfer to Yb*"
proceeded by an analogous Dexter-type mechanism, it should
be much slower and not much faster, as was observed. Energy
transfer to Mn®" occurs on the time scale of hundreds of
picoseconds to nanoseconds, but energy transfer to Yb**
appears to occur on the time scale of 1 ps. Indeed, exciton
depopulation leading to Yb** sensitization is so fast that it is
competitive with other fast carrier-trapping processes active
even in undoped CsPbCl; NCs, e.g., as illustrated from their
TA kinetics (sub-picosecond and ~2 ps for the hole- and
electron-trapping time constants, respectively). Such fast energy
transfer to Yb>" appears incommensurate with the known
characteristics of Yb*" as a luminescence activator. This
inconsistency suggests that energy transfer to Yb®" must

3796

occur via an alternative route rather than by normal exciton-
dopant Dexter-type energy transfer.

We propose that the extremely fast exciton depopulation
observed in these Yb**:CsPbCly NCs, in conjunction with the
correlation between Yb** doping and NIR PLQYs, implies the
integral participation of lattice defects in the Yb** sensitization
mechanism. Moreover, to achieve the extraordinary PLQYs of
as high as ~170%, this sensitization mechanism must involve
quantum cutting. To account for these considerations, we
hypothesized that Yb®* doping itself introduces correlated
defects that rapidly localize excitation energy in the vicinity of
the Yb** activators. Picosecond energy localization by such a
defect would then be followed by energy transfer from that
defect to a pair of neighboring Yb*' ions, resulting in the
emission of two NIR photons, ie, quantum cutting. This
process would be manifested in eq 2 as multiplication of the
branching ratio by a factor of 2. If this hypothesis is correct,
such defects are likely associated with the aliovalent charge of
Yb** in the CsPbCly lattice, which requires charge compensa-
tion.

To test for such a dopant-induced lattice defect, we doped
CsPbCl; NCs with La®* cations using the same methods
employed to synthesize the Yb**:CsPbCly NCs. La*" is optically
inert but still aliovalent, and it has the same charge-
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compensation requirements as Yb®'. Figure Sa shows the PL
spectra of 1.3% La*":CsPbCly NCs collected at 4.7 and 223 K.
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Figure 5. (a) Variable temperature PL of 1.3% La**-doped (red) and
undoped (black) CsPbCl; NCs at 4.7 K (dashed) and 223 K (solid)
under 375 nm excitation. (b) TA bleach-recovery kinetics of undoped
(black), 1.3% La**-doped (red), and 1.3% Yb**-doped (blue) CsPbCl,
NCs.

For comparison, Figure Sa also plots parallel data collected for
undoped CsPbCl; NCs. At 4.7 K, the La*:CsPbCl; NCs
indeed show a prominent, broad PL feature indicative of
shallow-trap emission. This feature peaks ~40 meV below the
excitonic PL of the undoped CsPbCl; NCs. No other emission
is observed from the La**:CsPbCl; NCs. A similar trap PL band
has been reported for La**:CsPbCl, single crystals,” suggesting
that this is an internal lattice defect not associated with the NC
surfaces. This trap luminescence in these La**:CsPbCl; NCs is
very bright below ~80 K, but increasing the temperature above
~80 K causes excitonic PL to grow in at the expense of the
broad trap PL, and the overall PL decreases substantially (see
the Supporting Information for additional data). The trap PL is
still observed at the highest temperature in this series (223 K),
and it is also observed at room temperature. At cryogenic
temperature, ~99% of this trap PL decays within ~300 ps, with
the remaining ~1% decaying at a slower rate (see the
Supporting Information). The observation of near-band-edge
trap PL in the La*":CsPbCly; NCs provides strong support for
the hypothesis of a shallow dopant-induced defect state
introduced when trivalent cations are doped into CsPbCl; NCs.

This conclusion is bolstered by TA studies of the
La**:CsPbCl; NCs. Figure Sb shows TA bleach-recovery
kinetics measured for undoped, Yb**-doped, and La**-doped
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CsPbCly; NC samples. Similar to the Yb**:CsPbCl; NC data,
the La*":CsPbCl; NC kinetic trace is fit well using two
additional fast bleach-recovery components (sub-picosecond
and ~10 ps time constants) relative to the undoped CsPbCl,
NCs, suggesting that both trivalent dopants introduce similar
trapping defects.

The above information now allows a mechanism underlying
the extremely efficient sensitization of NIR PL in Yb**:CsPbCl,
NCs to be proposed. The data suggest that Yb*" doping
introduces a charge-compensating defect that acts as a shallow
trap. This defect localizes excitation energy on the picosecond
time scale. Charge compensation could be manifested as a
cation vacancy (Vg or Vp,) or the loss of a surface
oleylammonium ligand. Previous computational work charac-
terizing possible common defects and their energies relative to
the band edges in CsPbBr; has shown that V; and Vy, are both
shallow traps,”® which would be consistent with the relatively
small energy difference between excitonic and trap-induced
defect PL seen in Figure 5. The energies of such traps relative
to the band edges of CsPbCl; are unknown, however, as is the
influence of a neighboring trivalent cation on these energies. To
be consistent with the observation of efficient quantum cutting,
we propose that the relevant defect is a Vp, within a charge-
neutral M**-Vp,,-M*" defect complex. In fact, an analogous
charge-compensating motif is already well-documented in
CsCdBr; and related halide lattices, in which it is known as a
“McPherson pair”.””** Although the crystal structure of those
materials differs from the perovskite structure, an analogous
defect complex appears reasonable here. Additionally, Vpy
rather than V, formation is consistent with our experimental
observation that the NIR PLQY actually increases with
increasing nominal Cs* concentration during synthesis, a
condition that should disfavor V, formation. Carrier capture
by Vp, within a Yb**-Vj,,-Yb** defect complex localizes this
defect excited state in close proximity to two Yb®* cations
simultaneously; this localization enables energy transfer to both
Yb* ions in a concerted quantum-cutting step. The La*-
induced defect emission exceeds only slightly the energy
required for simultaneous excitation of both neighboring Yb**
ions. This PL intensity is nearly zero at exactly twice the energy
of the highest Yb*" *F; ,-’F, , crystal-field absorption feature in
this lattice (~2.56 V), but this energy gap is easily bridged by a
few lattice phonons. Importantly, because this defect-state
population decays within ~300 ps in the analogous
La*":CsPbCl; NCs, energy transfer from this state to Yb**
must occur even faster than this, ie., this quantum cutting
occurs on a picosecond time scale.

Scheme 1 summarizes these mechanistic conclusions.
Scheme 1la illustrates the formation of a dopant-induced
shallow defect level upon incorporation of trivalent impurity
ions into the CsPbCl; lattice. This new defect level is able to
compete with native defects for capture of photogenerated
carriers. It is proposed as a charge-neutral M**-Vy,,-M*" defect
complex. When the trivalent dopant is spectroscopically
innocent, such as La’', the formation of this defect is
manifested as near-band-edge PL. Scheme 1b illustrates how
this scenario changes when the trivalent defect is Yb*". In this
case, formation of the trapped excited state is followed by
nearly resonant energy transfer to form two excited Yb** ions in
a single, concerted, quantum-cutting step. Quantum cutting is
aided by the fact that the proposed Vp, defect is always in close
proximity to two Yb®>" ions because of its role in their charge
compensation. This proximity provides sufficient electronic

DOI: 10.1021/acs.nanolett.8b01066
Nano Lett. 2018, 18, 3792—-3799


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01066/suppl_file/nl8b01066_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01066/suppl_file/nl8b01066_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.8b01066

Nano Letters

Scheme 1. Proposed (a) La**-Induced Defect Emission Process, (b) Yb*'-Sensitization Mechanism Involving an Analogous
Yb**-Induced Defect State, and (c) the Proposed Charge-Neutral Vacancy-Defect Structure Arising from Doping CsPbCl; NCs
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coupling to both Yb** ions for efficient simultaneous excitation
of both. As a shallow defect, Vp,-localized photogenerated
charge carriers will have a large Bohr radius, aiding electronic
coupling to both Yb*" ions simultaneously (Scheme Ic). This
proposed mechanism differs from the one suggested previously
to explain quantum cutting in Yb*:CsPbCl; NCs,'' which
involves decay of a band-edge photogenerated electron to a
defect state coupled to excitation of a single Yb*" ion, with
subsequent electron decay from the defect state to the valence
band releasing another quantum of energy to excite a second
Yb** ion. Our data provide direct evidence for formation of a
shallow dopant-induced defect state in these materials, and in
the absence of any other detectable midgap states in these NCs,
this result strongly suggests that sensitization occurs via
simultaneous excitation of Yb®" pairs, as illustrated in Scheme
1b. We note that the integral role of a specific defect implied by
Scheme 1 is consistent with the otherwise unusual observation
that very high Yb*" concentrations are needed to fully quench
excitonic PL in these Yb**:CsPbCl; NCs despite picosecond
exciton depopulation kinetics. This apparent inconsistency is
explained by the need for a specific Yb**-Vy,-Yb** defect
complex to achieve not just quantum cutting but also Yb**
sensitization. In the absence of such a well-positioned
(energetically and spatially) defect, exciton-to-Yb*" energy
transfer is expected to be very slow (much slower than Mn**)
because of poor electronic coupling and a large energy
mismatch.

In conclusion, high-quality Yb*":CsPbCl; NCs have been
synthesized via a novel hot-injection route starting from the
respective metal-acetate salts and halide precursors. These NCs
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show analytical Yb*" concentrations as high as 7.5% and
replicable PLQYs exceeding 100%, reaching as high as ~170%.
These extremely high PLQYs are shown to result from energy
capture by a Yb**-induced defect that subsequently transfers its
energy to two neighboring Yb** ions in a single concerted step
on the picosecond time scale. The above-unity quantum yields
of these materials make them very promising for numerous
photonic applications, from photodetection to solar energy
conversion. The results presented here provide insights into the
origins of this unique photophysical property and further
advance the development of Yb**-doped perovskite nanocryst-
als for such applications.
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