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ransition-metal and rare-earth ions
serve as activators in numerous elec-
troluminescent (EL) devices based on
impact excitation." 3 In this process, a con-
duction-band (CB) electron accelerated by
an electric field imparts some of its excess
energy to excite a dopant ion (Figure 1a),
which may then relax radiatively back to its
ground state. Impact excitation has been
proposed to underpin many Mn*"-doped
[I—VI EL devices, including recently reported
Mn?*-doped nanocrystal EL devices pre-
pared by soft processing.* 8 The microscopic
reverse of impact excitation is Auger de-ex-
citation. In this process, energy is transferred
from an excited dopant to a charge carrier
to yield the ground-state dopant and an
excited charge carrier (Figure 1b). Auger de-
excitation can be a major nonradiative loss
channel that ultimately limits the efficien-
cies of such EL devices.” "> Auger de-
excitation also limits gain in SiO, optical
wave guides containing both Er*' ions
and Si nanocrystals,'* although Er*™ is not
within the nanocrystals themselves.'*'*
Advances in the chemistries of colloidal
nanocrystal doping have recently provided
access to entirely new forms of doped semi-
conductor nanostructures, and the rich phy-
sical properties displayed by such structures
are now attracting broad interdisciplinary
interest.'®~3° However, whereas electron—
exciton and biexciton Auger de-excitation
processes in undoped colloidal semicon-
ductor nanocrystals have received tremen-
dous attention,*®*" partly in relation to
multiexciton decay**** and nanocrystal
blinking,**~*® analogous carrier-dopant
and exciton-dopant Auger quenching
processes in doped semiconductor nano-
crystals have not yet been examined.*®
To the contrary, recent publications have
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ABSTRACT Auger processes in colloidal semiconductor nanocrystals have been scrutinized
extensively in recent years. Whether involving electron—exciton, hole—exciton, or exciton—exciton
interactions, such Auger processes are generally fast and hence have been considered prominent
candidates for interpreting fast processes relevant to photoluminescence blinking and multiexciton
decay. With recent advances in the chemistries of nanocrystal doping, increasing attention is now
being paid to analogous photophysical properties of colloidal-doped semiconductor nanocrystals.
Here, we report the first investigation of the effects of electron-dopant exchange interactions on
dopant luminescence in doped semiconductor nanocrystals. Using electrochemical techniques,
electrical control of charge-carrier densities in films of colloidal Mn®"-doped CdS quantum dots has
been achieved and used to demonstrate remarkably effective Auger de-excitation of photoexcited
Mn”". The doped nanocrystals are found to be substantially more sensitive to Auger de-excitation
than their undoped analogues, a result shown to arise primarily from the long Mn>" excited-state
lifetime. This observation of exceptionally effective Auger quenching has broader implications in
areas of high-power, single-particle, or electrically driven luminescence of doped semiconductor
nanoarystals, and also suggests interesting opportunities for modulating Mn?* photoluminescence

intensities on sublifetime time scales, or for imaging charge carriers in nanocrystal-based devices.

KEYWORDS: charged quantum dots - manganese-doped nanocrystals -
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suggested that Mn?" PL is not affected by
ionization of the nanocrystal host,*' and
that nonlinear PL power dependencies of
doped nanocrystals can be interpreted in
terms of biexciton Auger de-excitation®’
or Mn?" excitation saturation®> without
consideration of Mn?"-centered Auger
de-excitation processes.

Here, we report the use of electrochemi-
cal techniques to control Mn?" photolumi-
nescence (PL) in Mn?*":CdS quantum dot
(QD) films. Introduction of CB electrons into
these QDs is shown to very effectively
quench Mn?" PL by Auger de-excitation.
Steady-state and time-resolved PL measure-
ments performed as a function of charging
allow the fundamental electron-Mn>" Au-
ger rate constant to be determined. Poor
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carrier mobility is concluded to limit Auger quenching
at extremely low charging levels. The exceptionally
high sensitivity of Mn?"-doped QDs to Auger de-
excitation is shown to be associated primarily with
the long Mn”" excited-state lifetime. These results high-
light the need to consider dopant-based Auger pro-
cesses explicitly when interpreting excitation power
dependence, blinking, and electroluminescence effi-
ciencies from doped semiconductor nanocrystals.

RESULTS AND DISCUSSION

Colloidal Mn>"-Doped CdS Quantum Dots. Figure 2a shows
295 K absorption, PL, and PL excitation (PLE) spectra of
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Figure 1. Impact excitation and Auger de-excitation pro-
cesses. (a) Impact excitation of a dopant ion in a semicon-
ductor involves nonradiative energy transfer from a highly
energetic carrier to the dopant, yielding a relaxed carrier
and the dopant in an electronic excited state. (b) Auger de-
excitation of an excited dopant in a semiconductor involves
nonradiative energy transfer from the dopant to a band carrier,
yielding a relaxed dopant and a highly excited carrier. ki and
kaug are the rate constants associated with impact excitation
and Auger de-excitation, respectively. Auger de-excitation is
the microscopic reverse of impact excitation.

colloidal wurtzite 0.5% Mn*":CdS nanocrystals synthe-
sized by modification of literature methods.2® Owing to
quantum confinement, the first excitonic absorption
maximum occurs at 2.8 eV, ~0.3 eV higher than in bulk
CdS, corresponding to an average QD diameter of dqp ~
4.5 nm.** This diameter and Mn*" concentration yield, on
average, ~5 Mn*"/QD. The PL spectrum is dominated by
intense Mn*" *T; — %A; d—d luminescence centered at
2.10 eV, with a room-temperature quantum yield (QY) of
29%. The PLE spectrum collected monitoring this d—d PL
(Figure 2a) confirms sensitization by the CdS host. No
excitonic PL is observed, reflecting rapid energy transfer
to Mn?".3%°1733 Figure 2b shows a room-temperature
electron paramagnetic resonance (EPR) spectrum of 0.5%
Mn?":CdS QDs. The hyperfine splitting parameter A =
(655 + 0.2) x 10°* cm™" agrees well with that of bulk
Mn?":CdS (65.3 x 10~*cm").>* Figure 2c shows 5 K 0—
6 T magnetic circular dichroism (MCD) spectra of a drop-
coated film of 0.5% Mn?":CdS QDs. The lowest energy
excitonic transition is characterized by strong positive
intensity at its leading edge that follows the S = °/,
magnetization of Mn®>" (Figure 2c, inset). An excitonic
Zeeman splitting energy at saturation of Afyeeman = 13.2
meV is estimated'® from these data, with a low-field 5K g
value of ~70, confirming the existence of giant excitonic
Zeeman splittings dominated by Mn?"-exciton sp—d
exchange coupling.'®*® X-ray diffraction (XRD) data
(Figure 2d) confirm the wurtzite structure and show peak
widths consistent with dqp ~ 4.5 £ 0.5 nm. Overall, these
data confirm successful synthesis of the target Mn*>":CdS
QDs, which were then used in electrochemical experiments.
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Figure 2. Colloidal Mn2*:cdS quantum dots. (a) Room-temperature absorption (solid, left axis), photoluminescence (solid,
right axis), and photoluminescence excitation (dashed, right axis) spectra of colloidal dop = 4.5 nm, 0.5% Mn>":CdS
nanocrystals suspended in toluene. The PL quantum yield of the colloidal Mn?*:CdS nanocrystals under nitrogen atmosphere
is 29%. (b) Room-temperature EPR spectrum of colloidal dqop = 4.5 nm, 0.5% Mn?":CdS QDs suspended in toluene, showing the
characteristic six-line hyperfine pattern. The literature hyperfine coupling constant for Mn> " in CdS is indicated.> (c) Variable-
field (0—6 T), 5 K MCD spectra of a drop-coated film of colloidal dop = 4.5 nm, 0.5% Mn2*:CdS QDs. The inset shows the field
dependence of the MCD intensity at 2.66 eV (a). The solid line plots the anticipated MCD magnetization curve (gyn = 2.0, S =/,
and T = 5 K). (d) Powder XRD of dop = 4.5 nm, 0.5% Mn?":CdS nanocrystals. The literature powder diffraction intensities for
wurtzite CdS are shown as black bars. The sharp peaks (x) are associated with the Si substrate.
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Figure 3. Cyclic voltammetry of a Mn®>":CdS quantum dot
film. (a) Cyclic voltammograms collected as a function of
scan rate (v) for a drop-coated film of dop = 4.5 nm, 0.5%
Mn2*:CdS QDs on FTO in a 0.1 M TBAP solution in DMF at
210 K (scan rates: 1, 5, 10, 50, and 75 mV/s). Points V,, Vg,
and V¢ indicate the uncharged, reduction peak maximum
(partial 1S, filling), and completion of the first reduction
wave (complete 1S, filling, onset of 1P, filling), respectively,
as determined by absorption spectroscopy. (Inset) Scan rate
dependence of the peak current measured at Vg. The
asymmetry between forward and reverse scans is partly
attributable to FTO, see Supporting Information. (b) Scheme
for charging of Mn?":CdS quantum dots. At V,, the energy
gap between the Fermi level and the 1S, levels in the CdS
nanocrystal film is large, so there is no electron transfer. At
Vg, electrons can tunnel into the film (N, ~ 1 ecg/QD).

Electrochemical Reduction of Mn>"-Doped Quantum Dots.
Mn?":CdS QD films were prepared by depositing the
above colloids onto 3-mercaptopropyl-trimethoxysi-
lane (MPTMS) treated F:SnO, (FTO) electrodes and
cross-linking with 1,7-heptanediamine following litera-
ture procedures.*'*5~*8 Figure 3a shows cyclic voltam-
mograms (CVs) of a representative Mn®":CdS QD film
(thickness ~ 200 nm), measured at 210 K. A reduction
wave is observed at ca. —1.2 V versus Ag°. Similar
reduction waves in undoped II-VI QDs have been
interpreted as electron injection into the 1S, CB levels
of the nanocrystals.>®~>° The onset of a second reduc-
tion peak is observed at more negative potentials
(Figure 3a) and tentatively interpreted as filling of the
1P, CB levels.®® The peak current density at the
first reduction wave depends linearly on scan rate
(Figure 3a, inset), consistent with reduction of ad-
sorbed species.®° Reoxidation is slow, so the observed
oxidation wave is smaller than the reduction wave. This
slow return is also present in control experiments with
MPTMS-treated FTO substrates without QDs (see Sup-
porting Information), and therefore does not come
entirely from the nanocrystals themselves. Likewise,
the FTO electrodes themselves also show current flow
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in this potential window, which likely contributes to
the asymmetry between forward and reverse waves
(see Supporting Information). Similar contributions
from substrates appear to be generally observed in
related literature studies.’”®

Asin other QD films,® the exact potential of the first
reduction wave differed for different films of the same
QDs, and even drifted over extended times (tens of
hours), presumably reflecting surface fluctuations and
the use of an Ag® pseudoreference. For comparison
across samples, we therefore identify three special
points in the CV that are common to all samples, as
illustrated in Figure 3a. V, denotes a potential far below
any detectable charging, Vg denotes the peak potential
of the first reduction wave (50% 1S, filling, see below),
and V¢ denotes a potential after completion of the first
reduction wave (complete 1S, filling, onset of 1P,
filling). The electrode at potentials V and Vg is shown
schematically in Figure 3b.

Figure 4a (top) shows the film's absorption spec-
trum measured as a function of applied potential. In-
creasing from V4 to V- causes bleaching of the exci-
tonic absorption at ~2.8 eV, which recovers fully upon
reoxidation. Figure 4a (bottom) shows the difference
absorption spectra as a function of potential (AA/A =
(A(V) — A(VA))/A, where A is the absorbance at 2.8 eV
and at V,). The peak in AA/A gradually shifts to higher
energy with potential, because larger particles with
lower 1S, energies are generally reduced at lower
potentials than smaller particles.’®®'%? As the poten-
tial approaches V¢, the maximum change in AA/A con-
verges to ca. —0.5, the remaining absorbance being
attributed to broad higher energy excitonic transit-
ions.®’ The bleach of the lowest excitonic level is thus
reported using AA/Ao, where Ay = A(V)) — A(Vo) at
2.8 eV; by definition, AA/Ao ranges from 0 to —1. As in
previous studies,”’*®°" the bleach in excitonic absorp-
tion was used to measure N, _, the average number of 1S,
e /QD. Vg is defined as the potential at which
AA/Ag = —0.5. At Vg, No- = 1.0 ecg/QD. Identification
of Vg is thus independent of the number of QDs or the
film thickness, and does not rely on detailed knowl-
edge of the QD extinction coefficients. Identification of
Vg also does not rely on CV measurements, which
generally overestimate the number of conduction-
band electrons>”®" For example, using the time-inte-
grated current of a potential sweep from V, to Vg and the
film thickness determined from its optical density,*® an
average of ~1.5 e /QD is estimated at Vg in Figure 3a,
consistent with partial filling of the 1S, level’®*® but
greater than the number indicated by the optical data.

As with the colloids, the PL of films made from these
QDs (e.g., Figure 4b) is dominated by the Mn*" *T; — %A,
transition, but a broad trap luminescence band is now
observed, centered at ~1.75 eV.®* For the film shown in
Figure 4b, the 295 K Mn”" PL QY dropped from 29% to
6%. Similar QY losses have been reported for other
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Figure 4. Optical response of a Mn?":CdS quantum dot film
to electron injection. (a) (Top) 210 K absorption spectra
collected at various potentials from V, to Vc (red and black
solid, respectively), and with the potential returned to Vj
(blue solid). (Bottom) Difference absorption (AA/A) spectra
at various potentials. (b) 210 K photoluminescence (PL)
spectra collected at various potentials from V, to Vc (red
and black solid, respectively). (c) (Top) 210 K photolumi-
nescence excitation (PLE) spectra collected monitoring the
integrated photoluminescence intensity between 2.0 and
2.5 eV, with potentials ranging from V, (red solid) to below
Vg (i.e,, —1.1 V in Figure 5a, black). The PLE curves were
normalized at 3.03 eV. (Bottom) Difference PLE spectra at
various potentials (Al'/I', where prime indicates intensities
from normalized PLE spectra).

nanocrystal films, for example dropping from ~30% in
CdSe/CdS colloids to ~2% in a film.*® The Mn*" PL QY
of this film was improved to 42% by lowering the
temperature to 210 K, and all electrochemistry mea-
surements were therefore performed at this tempera-
ture. With charging, the PL intensity decreases over
the entire spectral range (Figure 4b). Interestingly, the
Mn?" PL intensity drops substantially faster than the
trap emission with potential, suggesting that Mn®" PL
is more sensitive to CB electrons (vide infra). Both PL
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Figure 5. Comparison of doped and undoped QDs.

(a) AA/A, at 2.8 eV (red open circle) and Al/l, integrated
between 2.0 and 2.5 eV (diamond) for Mn?":CdS QDs,
collected simultaneously during a linear sweep voltammo-
gram (v = 10 mV/s) at 210 K. (b) AA/A, (red open circle) and
Al/ly (diamond) for undoped CdSe/CdS nanocrystals col-
lected at room temperature in a similar electrochemical
configuration, adapted from ref 58. (c) Plots of Al/lovs AA/Ag
for undoped CdSe/CdS (red triangle, from ref 58) and Mn?*:
CdS (open circle) QDs. The dashed lines in panel c were
calculated using eq 5 as described in the text.

bands recover fully upon returning to V, (see below).
All films showed spectroelectrochemical properties
similar to those seen in Figure 4b.

Figure 4c (top) shows PLE spectra collected at
different potentials. To account for the overall PL
decrease with charging, the PLE intensities have been
normalized at 3.05 eV, where the absorbance does not
change with potential. Like the absorption, the PLE
intensity at the absorption edge also bleaches upon
charging. A smaller overall difference is seen by PLE
only because the range of potentials that can be
sampled before the PL is entirely quenched is small.
Quantitatively, the exciton's PLE bleach (Figure 4c,
bottom) agrees well with its absorption bleach
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(Figure 4a, bottom) at the same potential, for example,
when AA/A = —0.16, Al'/l = —0.16 (where Al' = I'(V) —
I'(Vp) and I is the exciton's PLE intensity when the PLE
spectrum is normalized at 3.05 eV).

To quantify the difference between PL quenching
and absorption bleaching, absorption and PL data
were collected simultaneously for another Mn?":CdS
QD film during the course of a linear sweep voltammo-
gram (Figure 5a). Importantly, the Mn*" PL intensity
begins to drop well before any detectable absorption
bleach. Although separated by ~032 V, the two re-
sponses are roughly parallel, with the PL curve being
slightly steeper at low potentials. Mn®>" PL is quenched by
~75% (Al/ly = —0.75) when excitonic absorption is
bleached by only 3% (AA/A, = —0.03), and it is quenched
by 98% at V3, where excitonic absorption is bleached by
only 50%. This response is strikingly different from that of
undoped CdSe/CdS QDs, where excitonic PL is quenched
by only ~33% at Vg (Figure 5b).>® This major qualitative
difference between Auger quenching of doped and
undoped QDs is emphasized by plotting Al/ly versus
AA/A, for both in Figure 5¢, and constitutes the central
new observation of the present study.

Itis conceivable that the vastly increased sensitivity
of the Mn?"-doped QDs to Auger quenching could be
related to surface traps, but this possibility can be
eliminated experimentally. Figure 6a shows the vol-
tage dependence of the PL spectrum of a Mn?":CdS
QD film prepared by heating the nanocrystal film for a
shorter time after the ligand exchange, which reduces
surface trap emission intensity by approximately a factor
of 3 relative to the Mn>* PL shown in Figure 4b, and by
over afactor of 5 relative to the film used for the data in
Figure 5a. With applied potential, Mn** PL quenching
is again observed. The Mn?" PL is fully recovered upon
film reoxidation. Figure 6b plots Al/ly and AA/A, versus
potential for this film as in Figure 5a. For easy compar-
ison with the data from Figure 5a, the x axis is refer-
enced to Vg (where AA/A, = —0.5) and the data from
Figure 5a are included on the same scale. The raw data
are provided in Supporting Information. Notable from
Figure 6b is the fact that the voltage difference be-
tween absorption and PL curves is essentially identical
for the two samples (~0.32 V). The absorption and PL
curves are again roughly parallel, a feature predicted
by the Fermi-Dirac model discussed below, and elim-
ination of surface traps makes the PL response to
applied voltage sharper and more complete at lower
potentials; that is, the electrochemical quenching of
Mn>" PL becomes more pronounced, not less pro-
nounced as might be anticipated were traps respon-
sible. The sharpening of the electrochemical response
when traps are eliminated is interpreted as reduced
Stark-effect broadening of the distribution of CB po-
tentials. Overall, these results provide compelling ex-
perimental evidence against any pivotal role played by
surface trap states in the electrochemical PL quenching

WHITE ET AL.

PL Intensity

24 22 20 18 16
Energy (eV)

V-Vs (V)

Figure 6. Comparison of Mn®>":CdS QD films with different
surface trap concentrations. (a) 210 K photoluminescence
(PL) spectra collected at various potentials from Vj to V¢
(red and black solid, respectively), for a film of Mn?*:CdS
QDs with minimal surface-trap PL. The surface trap PL
intensity is decreased by over a factor of 5 relative to the
film of Figure 5a (and by a factor of 3 relative to Figure 4b).
The Mn?" PL is quenched with applied potential, and is
recovered upon film reoxidation (blue solid). (b) Voltage
response of AA/A, at 2.8 eV (solid red circle) and Al/l,
integrated between 2.0 and 2.5 eV (solid blue diamond) for
the Mn?":CdS QDs from panel a, plotted vs V — V; to allow
direct comparison with the data from Figure 5a (open red
circle and open diamond). Although the shapes of the two
data sets differ, the voltage difference between AA/A, and
Al/ly curves is essentially identical (~0.32 V). Elimination of
surface traps makes the electrochemical PL quenching more
pronounced.

of these Mn?"-doped CdS nanocrystals. This conclusion is
consistent with previous demonstrations that surface-
trapped electrons are unable to effectively quench the
excitonic luminescence of undoped QDs,*® because the
probability densities of the highly localized Mn** d wave
functions at the QD surfaces are even smaller than those
of the excitonic wave functions.

Time-resolved PL data were also measured as a
function of QD charging (Figure 7). The PL decay at V, is
multiexponential (Figure 7, inset), with a slow component
comparable to that of the colloidal Mn?":CdS QDs (ty, =
1.4 ms, Supporting Information). Faster contributions are
also observed, attributable to nonradiative relaxation
processes. The decay constant of the slow component
in Figure 7(inset) is essentially independent of applied
potential between V, and Vg, despite the overall decrease
in PL intensity by ~98% over this range (Figure 4b). This
result indicates that some Mn>" ions are unaffected by
partial charging of the QD film, while others are deacti-
vated on submillisecond time scales. The main panel of
Figure 7 shows the same time-resolved PL data over a
shorter time window, now normalized at 5 ms to em-
phasize changes at shorter times. These data reveal a
short-time scale nonradiative Mn*" decay channel
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Figure 7. Voltage dependence of the Mn?" photolumines-
cence decay times. 210 K photoluminescence time depen-
dence for a Mn2*:CdS QD film held at V, (red solid square)
and at two potentials more negative than Vg corresponding
to 65% (green triangle) and 80% (black solid circle) bleach of
the steady-state photoluminescence intensity. The curves
have been normalized to the value at 5 ms to emphasize
short-time dynamics. (Inset) Semilog plot of the same data
over a broader time scale. These data have not been
normalized. The similar Mn?" PL intensities at t ~ 0 ns
indicates that quenching occurs after Mn?" excitation. The
solid lines show photoluminescence decay curves calcu-
lated using the model described in the text and parameters
from fits of steady-state absorption and photolumines-
cence data (see text).

growing in with QD charging. As shown below, these
time-resolved PL results are precisely what should be
expected from ecg-Mn?" Auger de-excitation.

Kinetic Model. The sharp contrast between the absorp-
tion and PL responses in Figures 4, 53, and 6, and that
between the PL responses of doped and undoped QDs
(Figure 5¢), both reflect the fact that absorption spectros-
copy probes instantaneous charging levels, whereas PL
spectroscopy is sensitive to dynamical processes. The
results above were therefore analyzed using a kinetic
model in which Mn®>" excited-state decay is described by
an effective decay rate constant (k) having contribu-
tions from both charge-independent (intrinsic) and

charge-dependent (Auger) processes:***>

ket (Eca, V) = kwin + kaugpe- (Ecs, V) (1

Here, kyn is the Mn?" “T,—5A; total decay rate
constant (radiative plus nonradiative) in the absence of
additional electrons, and ka,q is the nonradiative Auger
de-excitation rate constant (approximated to be size
independent over the range of diameters in this
ensemble). p.(Ecg V) describes the average number of
CB electrons per QD for the subset of QDs having 1S,
energies of Ec, when the system is held at potential V.
Pe(Ecg V) can take values of 0—2.

The possibility that the apparent Mn** PL quench-
ing could stem from electron-exciton (negative trion)
Auger de-excitation occurring before energy transfer
to Mn?", instead of from electron-Mn®" Auger de-
excitation occurring after energy transfer to Mn®*, can
be eliminated on the basis of two key observations. First,
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the Mn?" PL intensity immediately after the excitation
pulse is not reduced upon charge injection (see Figure 7-
(inset), t ~ 0 ns), indicating that Mn?>" sensitization
proceeds independent of the charge state of the film
within this experimental range. This observation demon-
strates that PL quenching occurs after Mn>" excitation.
These dynamics are consistent with reports of exciton-to-
Mn?* energy transfer times that are at least 50 times faster
than electron-exciton Auger de-excitation times.**' Sec-
ond, Mn*" PL is substantially quenched even when the
number of electrons per QD is small (see Figure 5¢), that is,
when the probability of photoexciting a QD that already
contains an electron is small. Electron-exciton Auger de-
excitation therefore cannot be responsible for the Mn*"
PL quenching observed here.

pe-(Ecp V) can be determined experimentally by mod-
eling the QD absorption bleach with charging®' In the
limit of fast electron diffusion, p. (Ecg V) is governed by
Fermi-Dirac statistics as described by eq 2, where Ecg is
the CB potential, kg is the Boltzmann constant, T is the
temperature, and gis, = 2 is the multiplicity of the 1S,
level. The energy (E.p) associated with adding an elec-
tron to a QD with a charged neighbor, and with adding a
second electron to a QD, is described by eq 3,°' where eis
the elementary charge, ¢ is the dielectric constant of the
QD film, & is the permittivity of vacuum, and 1 accounts
for electrolyte screening.’’ J.. describes the average
Coulomb energy associated with introducing a second
electron into a QD (J,. = 0 for pe.(Ecg,V) < 1, and >0 for
Pe(Ecg V) > 1)1

g1s.

ECB + Erep -V

Pe-(Ec, V) = (2)

1+ exp( )

1/73

3eN,
€ - plEca, V) — e (3)

Erep(ECB, V) = (1 _/‘L)M

Within this model, AA(V)/Ao can be calculated using eq 4,
where the second term accounts for inhomogeneous
broadening of Ecg due to the finite QD size distribution
and surface effects. Using dqop = 4.5 nm and parameters
similar to those found for undoped QD films (J,. = 85
meV, A = 092, and ¢ = 30 estimated from the solvent,
ligands, and counterions®), eq 4 reproduces the experi-
mental AA(V)/A, data well for Eo=—1.15eVand 0 =0.14

eV (Figure 8a).
AA(V) 1
= —[| =p.-(Ecs, V
Ao / 2Pe (Ecs, V)
exp(_(ECB —Ey)?
200 dr,  (4)
o2

With p.-(Ecg,V) defined by the absorption measure-
ment, the steady-state PL intensity at any given elec-
trochemical potential can now be analyzed using eq 1,
where ka.g is the only unknown parameter. For
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Figure 8. Modeling Auger de-excitation in Mn?*:CdS QD films. (a) Experimental AA/A, (red open circle) and Al/l, (open
diamond) as a function of applied potential, from Figure 4. The solid lines show calculated absorption and PL responses to
nanocrystal charging as described in the text. This analysis yields ka,q =0.5 x 10'°s™ (e /QD) ' (2.5 x 10" cm®s ™). See text
for details. (b) Schematic representation of the ecg-Mn?*" Auger de-excitation in Mn?":CdS QDs. Nonradiative energy transfer
deactivates the Mn> T, state and promotes a 1S, electron to a highly excited state. The process is energy conserving. (c)
Calculated absorption (AA/A,, dashed red) and PL (Al/l,, solid blue) vs potential curves for various excited-state decay rate
constants, kg, (10'°, 10°, 107, 10%, 103, and 10° s ). Decreasing kp, increases sensitivity of the film to Auger de-excitation.
Undoped semiconductor nanocrystals frequently show PL decay rate constants on the order of 10° s, comparedto ~10%s '
for Mn?". (d) Schematic illustration of the role of excited-state lifetimes in Auger de-excitation of undoped and Mn”-doped
QD films. Red spheres represent photoexcited QDs, and black spheres represent those that have undergone Auger de-
excitation. The arrows represent the electron’s diffusion path. Because the Mn?" excited-state lifetime in the doped QD film is
~10° times longer than the exciton lifetime in the undoped QD film, the electron can sample more of the doped QD film on the
time scale of the excited-state decay, thus making Auger de-excitation more competitive with PL.

example, at the potential where the Mn®" PL is
quenched 50% (Al/ly = —0.5), kpin = kaugpPe-(Ecs,V) from
eq 1. Using p. (Ecg,V) at this potential determined from
Figure 8a and the experimental PL time dependence at
Va a value of kayg ~ 0.2 x 10" s™'(e7/QD) ' is
estimated. Interestingly, p. (EcgV) at this potential
corresponds to ~25 QDs per CB electron; that is, each
CB electron must quench multiple photoexcited QDs. For
comparison with literature values, ka.q is converted to
units of cm® s (per e"), yielding ka,g = 1.0 x 107 '° cm®
s~ '. Auger rate constants of 5 x 107 '% cm® s*' and
between 4 x 10 "% and 20 x 10~ "% cm® s~ ' have been
reported bulk Mn®*":ZnSe and Mn*":Zns,
respectively,®*®® and 8 x 107> cm® s™' has been re-
ported for bulk Mn**:CdF,.” The value of ka,q measured
here for Mn>"-doped nanocrystals thus agrees well with
literature values measured for Mn?"-doped bulk semi-
conductors. We note that these previous measurements
have all used temperature to vary electron concentrations.
The electrochemical approach here excels in providing
fine control over electron concentrations.

The AI(V)/ly curve of Figure 4d can also be
simulated using eq 5. With a similar value for kauq
(0.5%x10"s "(ecg/QD) ',0r2.5 x 10 "°cm3s7'),eq 5

for
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reproduces the experimental data well at all but the
lowest electron concentrations (~1078 < N, < ~0.05
ecp/QD, Figure 8a), where it predicts greater quenching
than observed experimentally. Below a critical value of
N.-, the added electrons cannot sample the entire QD
film on the time scale of the Mn?* excited-state decay,
despite adequate thermal energy, and the assumption
underpinning eq 2 that electron distributions are simply
dictated by Fermi-Dirac statistics breaks down. In the low-
charging regime, Auger de-excitation rates (and hence PL
intensities) are determined by electron mobilities. This
conclusion is supported by previous reports of extremely
small electron mobilities in this regime.®*6”~%°

W[
lo J K + Kaugpe- (Ecs, V)
—(Ece — Eo)?
202
oV 2t

exp(
(5)

dECB
As an independent test of the above analysis, the
same model and fitting parameters were used to
predict the PL time dependence as a function of QD
charging. Equation 6 describes the time-dependent PL
intensities as a function of V. Using fixed parameters
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from Figure 8a and the experimental PL decay curve at
V4 in place of the single-exponential decay implied by
eq 6, decay curves at other potentials were calculated
and compared with experimental data in Figure 7. The
PL quenching dynamics are reproduced remarkably
well, particularly considering that these calculations
involved no adjustable parameters. This excellent
agreement strongly supports the above analysis.

W, = / exp(— Thn + knuge (Eca, V)10

—(Ecg — Eo)°
202
oV2m

exp(
dEcg (6)

Microscopic Origins of the Highly Effective Auger De-excita-
tion. The results presented above reveal highly effec-
tive Auger de-excitation of dopants by CB electrons in
Mn?"-doped semiconductor nanocrystals. Such effec-
tive Auger de-excitation of Mn?" is remarkable be-
cause of the highly localized nature of the Mn*" d—d
transition involved, as it implies strong interaction
between localized Mn?" d electrons and delocalized
CB electrons. It is therefore of considerable interest and
importance to understand why this ecg-Mn?" Auger
de-excitation is so effective.

Electron-Mn?" Auger de-excitation can be de-
scribed microscopically as energy transfer from an excited
Mn*" ion to a CB electron (Figure 8b), followed by
relaxation of the hot electron via phonon emission. kag
can thus be expressed in the general form of Fermi's
golden rule eq 7."° The initial state in eq 7 corresponds to
the *T; excited state of Mn®>" coupled to the CB electron in
its 1S. ground electronic state, denoted here as |i) =
|4T1,1 S%). The state formed by the Auger process involves
ground-state Mn®>" (®A;) coupled to a highly excited
conduction band electron, denoted {f] = (®A;,ecs*|. For
conservation of energy, the electron's excited state must
lie ~2.1 eV above its 1S, state. r(E) describes the density-
of-states (DOS)-weighted overlap factor.

Knug = 2 KFH D rE) @)

As noted previously,' the matrix elements (f|H'|i) are
similar to those describing the s—d exchange, which
contributes, for example, to the giant excitonic
Zeeman splittings observed by MCD in Figure 2c.
Qualitatively, it can be postulated that ka,q is related
to s—d exchange as the exciton-to-Mn>" energy-trans-
fer rate constant (kg7) is related to the sum of s—d and
p—d exchange contributions. Values of ker = 10'°—10'?
s~ (per Mn?") have been measured in various doped
semiconductor nanostructures>®>'~3 Given that the
s—d exchange is ~9 times weaker than the p—d ex-
change in bulk Mn*":CdS,”® ka,y &~ 25 x 100 57!
(e=/QD)7" is a reasonable order of magnitude for a
process mediated by s—d exchange.
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The dominant orbital interaction behind this s—d
exchange is hybridization between the CB-edge and
empty Mn?"(4s) orbitals.”" The location of the partici-
pating Mn>"(4s) orbital only ~2.4 eV above the bulk
CdS CB edge”" is conducive to Mn?"(4s)-CB hybridiza-
tion throughout the CB width. A DOS valley (X point)
also resides ~2 eV above the CB edge in bulk CdS,
providing ample energy conserving pathways for Au-
ger de-excitation of Mn*" to form ecg*,"” even though
such ecg* states aren’t observed spectroscopically at
2.1 eV above the 1S, ground state (because of small
oscillator strengths). The large Auger de-excitation rate
constant in Mn?"-doped CdS QDs is thus understood
in terms of substantial Mn?"(4s)-CB hybridization
(large (f|H'|i)) and a large density of ecg excited states
~2.1 eV above the 1S, state (large r(E)).

The large ka4 alone cannot explain the significantly
greater sensitivity of Mn?" PL to Auger de-excitation
than seen for excitonic PL in undoped QDs (Figure 5¢),
however. The ecg-Mn*" Auger rate constant found here
(25 x 107"%cm®s™") is in fact essentially indistinguish-
able from that reported for ecg*-exciton (negative trion)
Auger relaxation in undoped semiconductor nano-
crystals (0.88 x 10 '° cm?® s~ for CdSe/CdS QDs,”"’
see Supporting Information). To understand this most
prominent qualitative difference between Mn?*-
doped and undoped QDs, the important role of ex-
cited-state lifetime must be acknowledged. As seen
from eq 1, Auger de-excitation competes against
intrinsic relaxation. Modification of the PL decay
kinetics therefore alters the competitiveness of the
Auger quenching process.

Figure 8c shows simulated PL versus potential
curves calculated as a function of PL rate constant
(replacing km,, in eq 1 with kp) using the same model
and parameters outlined above. This figure shows that
the voltage difference between absorption and PL
response curves is a function of excited-state PL decay
time. Increasing kp_ shifts the PL quenching to more
negative potentials. Excitonic PL in many undoped
QDs decays with kp, ~ 10° s~ and the PL quenching
curve for this rate constant reproduces the general
experimental observations*'® of Auger de-excitation
for such QDs, showing near coincidence of absorption
bleach and PL quenching, and incomplete PL quench-
ing even after complete filling of the 1S, shell. More
quantitatively, the dashed line in Figure 5c shows the
quenching predicted for undoped CdSe/CdS QDs,
calculated using the above model and the reported
values of kex = 3.4 x 107 s~ (ref 58) and kpuq = 0.88 x
1079 ecm? s (ref 41), with all other parameters fixed
at the values used to simulate the Mn*":CdS QD data
(see Supporting Information). The calculated and ex-
perimental results agree very well.

This analysis demonstrates that the exceptionally
effective Auger de-excitation of Mn?"-doped QDs
is primarily attributable to the very long Mn**
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excited-state lifetime, which makes Auger de-excitation
kinetically highly competitive according to eq 1.”2 This
kinetic competition is summarized schematically in
Figure 8d, which illustrates less effective Auger de-
excitation of short-lived excited states because of the
smaller volume sampled by the CB electron on the
excited-state decay time scale.

CONCLUSION

Complete and reversible quenching of Mn*"-doped
CdS QD photoluminescence has been achieved
through reversible introduction of CB electrons into
these QDs by electrochemical methods. The data show
that these Mn?"-doped QDs are far more sensitive to
Auger quenching than their undoped QD analogues.
This remarkably effective Auger de-excitation is under-
stood in terms of energy transfer from Mn?" in its *T,
excited state to a CB electron, enabled by strong s—d
exchange, a large density of acceptor states at the
correct energies, and in particular the long Mn?"
excited-state lifetime. The large voltage difference
between absorption and PL responses of the Mn?":
CdS QDs is primarily a consequence of the very long
Mn?" excited-state lifetime. The striking sensitivity
of Mn?"-doped nanocrystal PL to Auger quenching
strongly suggests that the impact of Auger pro-
cesses on studies of blinking®>?" or high-power
photoexcitation®* 37 of doped semiconductor
nanocrystals should be exacerbated compared to
undoped nanocrystals. Such effective Auger de-ex-

citation could also define the fundamental limits of

doped-nanocrystal-based electroluminescent devices.*

METHODS

Synthesis and Characterization. Colloidal Mn®*:CdS QDs were
synthesized by modification of a method reported previously,?
and stored as suspensions in toluene. Films of Mn?":CdS QDs
were prepared according to literature methods*'*”*% by de-
positing QD suspensions onto a 3-mercaptopropyl-trimethox-
ysilane treated FTO surface, dipping the QDs in a solution of 1,
7-heptanediamine in EtOH for ~1 min, heating the resulting
film at 70 °C for between 0.5 and 3.0 h, and finally vacuum
curing for 1 h (see Supporting Information for complete details).

Electrochemistry. The electrochemical cells were assembled
under N, atmosphere using a platinum wire as a counter-
electrode and a silver wire as a pseudoreference electrode in
a 0.1 M solution of tetrabutylammonium perchlorate (TBAP) in
dimethylformamide (DMF).**~>8 All electrochemical measure-
ments were done at 210 K in a flow cryostat under N, atmo-
sphere. A u-autolab Il potentiostat was used to control the
potential and record the current in linear sweep and cyclic
voltammetry modes.

Spectroscopy. Absorption measurements were performed on
colloidal suspensions of QDs in toluene at 295 K and on QD films
at 210 K using a Cary 500 (Varian) spectrometer. All PL data were
collected using a 0.5 m monochromator. PL spectra were
collected using CCD detection. PLE and time-resolved PL mea-
surements were performed with PMT detection fixed at 585 nm
(25 nm spectral band-pass). All PL measurements involved
excitation well above the band edge to minimize changes in
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The deviation from the thermal equilibrium model
observed at very low electron concentrations (~10 8 <
No- < ~0.05 ecg/QD) is also interesting. This deviation
suggests that Auger de-excitation of Mn>* PL could
potentially provide a useful optical measure of electron
mobilities in other QD films at such low carrier densi-
ties, where the usual methods are limited.5*%® For
example, QD Schottky junction solar cells’* constitute
an important class of devices where detailed infor-
mation about mobilities at very low carrier densities
(e.g., under ambient illumination) would be desirable.
Electron-Mn?" Auger quenching has been used for
imaging charge carriers in semiconductor devices
previously, allowing demonstration of spatial se-
paration of the acceleration and impact excitation
processes in high-field electroluminescence devices
made from bulk Mn?*:CaF,.° With this precedent, the
demonstration here of effective Auger de-excitation
in Mn?"-doped QD films suggests that Auger-based
imaging might now be accessible in QD devices. This
proposed application could be extended to other
colloidal doped nanocrystal films with long-lived
electronic excited states, such as Er**-doped colloi-
dal Si nanocrystals.

Finally, the ability to quench Mn" PL so effectively
with very few electrons may provide a mechanism for
switching Mn?" PL on time scales shorter than its
intrinsic PL decay time, which would normally define
the lower limit. In QD films, this possibility would rely
on charge injection and diffusion being fast relative to
Mn?" PL decay. Experiments are presently underway to
explore this possibility.

excitation density due to absorption bleaching, and at low
excitation densities to avoid any nonlinear effects. QYs were
measured using an integrating sphere. MCD spectra were
collected using an Aviv 40DS spectropolarimeter and a 7 T
superconducting magneto-optical cryostat (Cryo-Industries)
positioned in the Faraday configuration (see Supporting Infor-
mation for additional details).
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