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ABSTRACT: Impurity doping of low-dimensional semiconductors is an interesting route S
towards achieving control over carrier dynamics and energetics, e.g, to improve hot carrier ”Av"v‘_
extraction, or to obtain strongly Stokes shifted luminescence. Such studies remain, however, T

underexplored for the emerging family of III-V colloidal quantum dots (QDs). Here, we show
through a detailed global analysis of multiresonant pump—probe spectroscopy that electron V
400fs

ol ¢l

cooling in copper-doped InP quantum dot (QDs) proceeds on subpicosecond time scales.
Conversely, hole localization on Cu dopants is remarkably slow (1.8 ps), yet still leads to very
efficient subgap emission. Due to this slow hole localization, common Auger assisted pathways N 7
in electron cooling cannot be blocked by Cu doping III-V systems, in contrast with the case of 1.8ps

II-VI QDs. Finally, we argue that the structural relaxation around the Cu dopants, estimated to

impart a reorganization energy of 220 meV, most likely proceeds simultaneously with the localization itself leading to efficient
luminescence.

© @l

wing to rapid developments in the last 30 years, colloidal process critically depends on the time scale of electron—hole

semiconductor nanocrystals (quantum dots, QDs) are Auger coupling compared to the extraction of holes from the
currently applied as luminophores in displays and lighting.' valence band by trapping. To date, the time scales of the
The promise of QDs extends beyond these applications; QDs assumed hole localization with respect to electron cooling
may form the active building blocks for solution-processable remain unknown. It is therefore unclear whether the concept of
lasers,” bioimagers, luminescent solar concentrators (LSC) and slowing down electron cooling via doping also applies to the
solar cells.” QDs combine a certain ease of processing with emerging family of III-V QDs with restricted toxicity.
size- and shape-dependent optoelectronic properties as Besides its effect on Auger electron—hole coupling, impurity
observed in both the energetics and dynamics of charge doping enables sub-band gap luminescence.'” The Stokes shift
carriers. A key process in carrier dynamics is carrier cooling can be Considerable and depends on the energetics and
after nonresonant photoexcitation. In applications that rely on dynamics of the structural reorganization around the trapped
the extraction of hot carriers, such as nonconventional carrier. Impurity-induced emission with a high quantum yield
photovoltaics and photocatalysis, this cooling is undesired.”’ is much desired in LSCs in order to avoid photon losses by
In many cases, however, fast cooling, ie, on a femtosecond reabsorption in the QD luminophores.””*" In laser materials,
time scale, is observed,” mostly facilitated by electron—hole the impurity level can result in population inversion and gain
coupled Auger mechanisms.”~"" In T1-VI QDs, this dominant due to the large Stokes shift, similar to what is found in organic

Auger cooling pathway can be blocked by fast trapping of
valence band holes at doping-induced in-gap states leading to
acclaimed multipicosecond hot electron lifetimes.'' ™" Based
on the above, the process of Cu-doping may also be a means to
slow down hot-electron cooling in the more environmentally
friendly family of III-V QDs, such as InP. Cu doping in InP
QDs was shown to cause quenching of the band-edge emission
and concomitant appearance of a broader, sub-bandgap
emission.'*™'® These changes in the steady state emission
properties were ascribed to fast hole localization onto Cu*
dopants, followed by a structural lattice relaxation of the atoms
around the Cu®" site leading to strongly Stokes-shifted
radiative recombination, similar to their II-VI counter-
parts.”>'”'® Even though hole localization most likely occurs
in III-V systems, for this to lead to a blocking of the Auger

dyes.”” So far, the understanding of charge-induced structural
reorganization remains limited, in particular for III-V QDs.
In this work, we study the effect of Cu doping on the charge-
carrier cooling dynamics in InP QDs. We use broadband and
ultrafast pump—probe transient absorption (TA) spectroscopy
with a range of different excitation wavelengths, chosen to be
resonant with the relevant optical transitions. This method is
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ideally suited to investigate hot-carrier dynamics on the
relevant time and energy scales.”® However, as the simulta-
neous occurrence of transient bleaches, spectral shifts and
induced absorptions observed in such experiments make data
interpretation very difficult, we proceeded to employ an
unbiased global-fit analysis method to identify excited states
and quantify their dynamics in the context of cooling and
structural reorganization.”* ">’ As opposed to Cu-doped II—VI
systems, we find that electron cooling in Cu:InP proceeds on
ultrafast subpicosecond time scales whereas hole localization
on Cu’ in InP QDs occurs on a much slower, multiple-
picosecond, time scale. Hence, Cu dopants in InP quantum
dots are most likely not able to prevent commonly observed
Auger-assisted carrier cooling and are surprisingly ineffective as
a strategy to slow down hot carriers. Hole localization onto
Cu* leads to Cu**, which shows a strong reorganization energy.
We do not observe this effect separately from the relaxation
within our time resolution (ca. 150 fs), which suggests the
process is extremely fast and most likely overlaps temporally
with the hole localization itself, thereby finally leading to the
observed efficient Stokes shifted emission.

Cu-doped and undoped InP/ZnSe/ZnSe;sSys/ZnS core/
shell QDs, consisting of a ~3 nm InP core and a 3 monolayer
shell, were prepared following a synthesis procedure adapted
from literature,'* see Methods in the Supporting Information
(SI) and optical characterization of the InP cores in Figure S1.
For simplicity, the explicit specification of the QD shells will be
omitted hereafter. Inductively coupled plasma optical emission
spectrometry (ICP-OES) on thoroughly washed core/shell
samples shows that the Cu-doped InP QDs contain on average
30 Cu atoms per QD (SI S1). Both higher and lower doping
levels were checked but results are always in line with what
follows.

The absorption spectrum of the undoped InP QDs shows
features at 2.2 and 2.7 eV (Figure la), which are assigned to
transitions from the 1S, and 1P, level in the valence band
(VB) to the 1S, and 1P, level in the conduction band (CB),
respectively.”” The emission spectrum shows band-edge
emission at 2.1 eV with a broad tail to lower energies related
to trap states’* (Figure 1a). Upon Cu doping, the absorption
peaks broaden and an absorption shoulder appears at lower
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Figure 1. Linear Optical Properties. (a) Absorption (dashed) and
emission (solid) spectra of Cu-doped (red) and undoped InP (green)
QDs. Both QDs have a ZnSe/ZnSe; Sy s/ZnS shell. The absorption
spectra are normalized at 4.1 eV (Figure S2). The fwhm of the
emission from the Cu-doped and undoped QDs is 350 and 200 meV,
respectively. (b) Photoluminescence decay curves of Cu-doped (red)
and undoped InP (green) QDs under 515 nm excitation, taken at
their respective emission maxima. The dashed lines show fits to a
model for recombination between a delocalized electron and a
localized hole®® and a model of single exponential decay and delayed
emission,31 respectively (Figure S3).
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energy, which is assigned to the excitation of Cu® d-electrons
to the CB.">**?® Such impurity-related absorption is often very
low in oscillator strength, but can be clearly resolved here with
an oscillator strength about 1 order of magnitude below the
band edge absorption. Moreover, the band-edge emission is
quenched, while a broad emission peak appears at 1.47 eV
(Figure 1a). The resulting shift between the absorption peak at
2.2 eV and the emission is usually referred to as the apparent
or global Stokes shift,*”*® here 0.74 eV. The emission observed
in Cu-doped InP QDs has a photoluminescence (PL) lifetime
of 480 ns (Figure 1b and Figure S3a) with a quantum yield of
40%, which is much longer than that of the band-edge
emission in undoped InP QDs (viz., 40 ns, Figure 1b and
Figure S3b). The ratio of the two lifetimes (480/40) matches
the expected ratio of oscillator strengths obtained from
absorption, being 1 order of magnitude, indicating little
competition with nonradiative channels for the Cu-localized
exciton. These observations are consistent with previous results
on Cu-doped QDs'” and allow us to assign the emission
observed in Cu:InP QDs to the radiative recombination of a
Cu-localized hole with a delocalized CB electron.

Figure 2a shows the normalized transient absorption (AA)
spectra for Cu-doped and undoped InP QDs at 1 ns after
excitation at 3.1 eV. At this delay time, all carriers have relaxed
to their lowest excited state but have not yet recombined
radiatively, as the PL decay time is much longer at 40 ns for
undoped or 480 ns for doped QDs (Figure 1b). Both spectra
show a negative signal (bleach) at 2.2 eV, matching the 1S,—
1S, transition observed in the steady-state absorption spectra
(Figure 1la). This transition is bleached in both the Cu-doped
and undoped InP QDs; this can be understood by seeing that,
in both cases, the lowest excited state has an electron-occupied
1S, level. The TA spectrum of the Cu-doped InP QDs shows
an additional bleach around 1.9 €V, which is absent in the TA
spectrum of undoped QDs. This transition is also observed in
the steady-state absorption spectrum of Cu-doped InP QDs,
where it is assigned to the excitation of a Cu" d-electron to the
1S, CB level, creating a Cu**—18S, excited state. Consequently,
occupation of the 1S, level bleaches this transition (Figure 2b).
Besides negative signatures, both spectra also show a positive
signal (photoinduced absorption) in the near-infrared region
with a similar amplitude, from 1.0 to 1.7 eV (Figure 2a). This
induced absorption is assigned to intraband transitions
involving the excitation of the photogenerated electron and
hole to higher CB and VB states, respectively.”” The induced
absorption does not show any significant kinetics on the time
scale of the experiment (up to 3 ns) and appears instantly after
excitation.

To determine the energies of the 1S,—1S, and the Cu**—18S,
excited states, we fitted the bleach spectrum of the Cu-doped
InP QDs to two Gaussians (Figure 2d). The transitions are
broadened due to variations in size, shape, and composition of
the QDs, surface imperfections that affect excited-state
energies,”’ possible fine-structure splitting, and finally elec-
tron—phonon coupling.” The absorbing and emitting
transitions between the ground state and the Cu**—1S, excited
state are particularly broad (Figure 2d), mainly because the
localized nature of the hole increases phonon coupling.'” The
shift between the maxima of the Cu* to 1S, bleach (Figure 2d,
orange dashed line) and the emission, i.e., the Stokes shift, is
440 meV (Figure 2d, red line). Within the framework of a
generalized Marcus model, this energy shift is twice the
reorganization energy of the lattice for accommodating the
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Figure 2. Energetics of absorption and emission. (a) Normalized TA spectra of Cu-doped (red) and undoped InP QDs (green) after carrier
cooling (1 ns delay time). (b) Schematic representation of the transitions that are blocked (solid arrows with cross) and new excited-state
absorption transitions (dashed arrows). (c) Configurational diagrams of the ground and excited many-body states involved in excitation, cooling,
trapping, and emission (not to scale and only some vibrational levels are shown). The coordinate g represents the environment around the Cu site.
(d) The TA spectrum of the Cu-doped InP QDs decomposed into contributions of a VB to CB bleach (green) and a Cu* to CB bleach (orange).
The emission spectrum is shown in red. The apparent and real Stokes shift are indicated with the blue and yellow arrows, they are 0.74 and 0.44 eV,

respectively.
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Figure 3. Multiresonant TA spectroscopy. (a—c) Experimental transient absorption spectra of Cu-doped InP QDs at different delay times (—1, 0.1,
0.3,0.5, 1, 1.5, 4, 7 ps from blue to red) normalized for the absorbed fluence (SI S2). The QDs are excited at () 1.65 eV, (b) 2.18 eV, and (c) 3.1
eV. (d) An overview of the excited states created with the three different excitation energies, respectively blue, green, and orange. k; and kj; are
cooling processes and ky is the final radiative recombination (dashed red arrow). (e—g) Global fit results from the data shown in panels a—c, using
the model depicted in panel d. The arrows in panels (a-c, e-g) indicate the excitation energy with the same color coding as in panel d.

change in the effective Cu oxidation state upon localization of
the photogenerated hole. This reorganization energy of 220
meV is in line with reports on other Cu-containing QDs and
DFT predictions on II-VI clusters.">** The vibrational-zero
level of the Cu**(0)—18, excited state is in the middle between
the maxima of absorption and emission, which is at 1.7 eV, see
Figure 2d. We estimate the energy of the 1S, —18S, excited state
from the energy of the maximum of the corresponding bleach
feature (Figure 2d, green dashed line) at 2.2 eV.

By exciting the InP QDs with different pump wavelengths,
we can create various excited-state configurations and follow
their decay pathways. A pump pulse with an energy of 1.65 eV
excites Cu-doped InP QDs selectively (resonantly) in the Cu*-
to-1S, transition (Figure 2¢, orange arrow). Figure 3a shows
the resulting TA spectra, measured at different delay times, —1
ps and between 0.1 and 7 ps (Figure S4a for 2D heatmap). The
shape of the spectrum is independent of delay time and shows
the absorption bleach of the Cu" — 1S, and the 1S, — 1S,
transitions that we identified before (Figure 2c,d). This is
consistent with instantaneous, i.e., within our time resolution,
formation of the Cu®>*—1S, excited state, from which radiative
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decay is slower than the time range of 3 ns available with our
TA Instrument (Figure 1b).

Shorter pump wavelengths produce TA spectra that change
over the first few ps after excitation (Figure 3b,c). Excitation
with 2.18 eV, which matches the 1S,-to-1S, transition (Figure
2¢, green arrow), results in minor spectral changes over the
first few picoseconds most notably in the tail of the absorption
bleach at 1.9 eV (Figure 3b, Figure S4b for 2D heatmap). After
a few picoseconds, the TA spectrum excited with 2.18 eV is the
same as that excited with 1.65 eV (Figure 3a). We conclude
that the dynamics in the first few picoseconds are most likely
due to relaxation from the 1S,—1S, excited state to the Cu**—
1S, excited state that we pumped in Figure 3a.

Continuing our systematic variation of pump wavelength, we
excite nonresonantly at 3.1 eV. This results in an early time TA
spectrum with multiple positive and negative signals (Figure
3¢, Figure S4c for 2D heatmap). Within <1 ps, the spectrum
converges to the early time spectrum that we saw before in
Figure 3b, after which it changes further to resemble the
spectra seen in Figure 3a. This is consistent with initial creation
of an excited state with excess charge-carrier energy, which first
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Figure 4. Global Fit Analysis. (a) The transient absorption spectra of excited states I (blue), II (green), and III (orange) in Cu-doped InP QDs
obtained from the global-fit analysis method for the three different excitation energies: blue arrow for 3.1 eV, green arrow for 2.18 eV, and orange
arrow for 1.65 eV excitation. The spectra are shifted with —5 mOD for clarity. The black arrows show the fitted time constants for the transitions
between the excited states. (b) Schematic representation of how we interpret the three excited states, hi;—1P,, 1S,—1S,, and Cu**(0)—1S,

respectively, and their lifetimes.

relaxes to the 1S,—1S, excited state that we pumped in Figure
3b, and then further to the Cu**—1S, excited state that we
created in Figure 3a.

When the spectral changes are as intricate as in Figure 3¢, it
is challenging to quantitatively understand the cooling
dynamics from single-wavelength kinetic analysis. To retrieve
the spectral signatures of the different excited states and
quantify their lifetimes, we used an unbiased global fit analysis
method with the kinetic model depicted in Figure 3d (see SI
S4 for rate equations and fitting procedure). The spectra from
the global fit are given in Figures 3e—g for the Cu-doped and
undoped InP QDs, respectively. Comparing the experimental
TA spectra (Figures 3a—c) to the fitted spectra (Figure 3e—g),
we see that the agreement is excellent. Same, when we plot the
data and global fit results as a function of time for specific
energies, which can be found in Figure SS.

From our global-fit procedure, we can reconstruct the pure
transient absorption spectra of the excited states involved.
Important to note is that we do not input these spectra into the
global fit but instead, they are an unbiased outcome of the
fitting procedure. The spectra of the excited states of Cu-doped
InP QDs for the three different excitation energies are shown
in Figure 4a. The spectra of the excited state III are very
comparable for the three different excitation energies (Figure
4a (lowest row), see also Figure S6). As discussed above,
excited state III must be the Cu**—18S, state, which we create
instantaneously when pumping at 1.65 eV (Figure 2c, orange
arrow). This state could in principle be a vibrationally excited
state of the Cu*', say Cu®*(*) in Figure 2c, or directly the
vibrational ground state Cu®*(0). Both should be separated by
the reorganization energy, but no such distinct set of spectra is
obtained from the global fit. This indicates that the process of
reorganization is faster than our time resolution, happening
hence in concert with the hole localization itself. Arguing this
reorganization is slower than our 3 ns time window is
countered by the observation that the transient Stokes shifted
PL grows in instantly, apart from the 150 ps time resolution, as
is shown in Figure S3b.

The spectra of excited state II, which is the intermediate
state under 3.1 eV excitation and the initial state under 2.18 eV
excitation, are also remarkably similar for the two excitation
wavelengths (Figure 4a (middle row), see also Figure S7).
Note: in the 2.18 eV experiment we created 55% of excited
state II and 45% of excited state III at t = 0, due to overlap of
the absorbing transitions (Figure 2d, green and orange dashed
lines). The striking similarity between the spectra confirms that
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after nonresonant excitation (3.1 eV excitation), the system
initially relaxes to the same excited state that we create by
excitation at 2.18 eV. We therefore interpret excited state II as
the 1S,—1S, state, which we excite resonantly at 2.18 eV
(Figure 2c, green arrow) and in which both the hole and
electron occupy a delocalized band-edge level. We emphasize
again that our global-fit procedure does not impose these
similarities of the spectra a priori. The changes in the TA
spectra between excited states II and III are induced by the
hole localization on Cu which shows up as an extra bleach at
2.1 eV. Previous work on CdSe-based QDs has shown that a
hole with excess energy can induce a photoinduced absorption
on the lower energy side of the 1S,—1S, bleach (Figure
$8).*"** Such a positive signal can partially cancel the bleach of
the Cu* to 1S, transition. The difference between the TA
spectra of excited states II and III is likely due to the
disappearance of such a type of additional induced absorption
feature at 1.9 eV, because the hole cools, i.e., loses its excess
energy, when localizing on Cu. As argued above, we only
observe one final state for the localized hole, indicating that
any structural relaxation occurs either in concert with or faster
than our time resolution.

The highest excited state I of Cu-doped InP QDs (Figure 4a
(top row)) produces a derivative-like feature around the band
gap energy at 2.1 eV and a bleach around 2.7 eV. This looks
similar to the initial excited state we observe when performing
the same measurement on the equally sized but undoped InP-
based core/shell QDs (steady-state measurements in Figure 1a,
TA measurements in Figure S9). The bleach at 2.7 eV matches
well with the higher energy feature observed in the steady-state
absorption spectrum (Figure la), which is assigned to a
transition from the 1P,-level in the VB to the 1P,-level in the
CB.** For this reason, we assign the highest excited state I
populated under 3.1 eV to a situation where the electron
occupies the 1P, level. The electron occupation of the 1P, level
typically results in a red-shifted 1S, — 1S, transition, resulting
in the derivative-like feature in the differential absorption
spectrum at 2.1 eV, as observed very clearly here.””*' Even
though it is difficult to label exactly the hole level in the excited
state, we can assume that the hole is delocalized over the dense
hole manifold. For these reasons, we choose the label hi;—1P,
in Figure 4b, to indicate that the carriers are in the bands with
excess energy compared to the band edge.

Our global-fit analysis for different excitation wavelengths
unambiguously shows that hole localization from the VB edge
(1S, state) to a Cu* dopant is remarkably slow (1.8 ps), in
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particular compared to typical time scales for hot-electron
cooling from the 1P level (<500 fs).”~* Indeed, the time
constant for hot-carrier cooling for our undoped InP-based
core/shell QDs is 250 fs (see SI Figure S9). The photo-
generated hole in both undoped and Cu-doped InP-based
core/shell QDs therefore remains delocalized during the
cooling process (Figure 4b). Hence, Cu doping cannot prevent
any potential involvement of electron—hole Auger coupling in
the cooling process. This explains why hot electrons created
under 3.1 eV excitation relax in only 400 fs, comparable to the
lifetime in the undoped InP QDs. This conclusion is in stark
contrast with the earlier interpretation of TA data on Cu-
doped CdSe QDs."* The authors of ref 13 attributed a slower
component in the kinetics to slow electron cooling following
ultrafast hole localization onto Cu. Our results based on a
detailed global analysis, however, show that this strategy does
not work for InP QDs. As to the microscopic nature of the very
different coupling between the delocalized hole wave function
and the Cu-sites in II-VI vs. III-V systems, we can only
hypothesize at this point. A luminescence lifetime-fitting
model, shown in Figure S3(c), indicates that Cu-atoms are
most likely very uniformly distributed in large amounts
throughout the InP core. Together with the dominantly type
I band alignment in InP/ZnSe, this suggests that strong spatial
overlap exists between Cu-sites and the initial band-edge hole
wave function. If Cu dopants spread differently in the CdSe-
based systems, , one could expect a different degree of coupling
leading to the observed fast hole localization. This thereby
raises the question how electron cooling in the technologically
relevant and environmentally friendly family of III—V materials
can be slowed down. Combining Cu-doping with other ways of
reducing the Auger cooling rate, e.g, thick and/or type-II
core—shell architectures,”* ™' might be key to significantly
increase the lifetime of the hot electron.

To conclude, a rigorous analysis of multiresonant TA
spectroscopic studies on Cu-doped and undoped InP-based
core/shell QDs demonstrates that localization of the photo-
generated hole in Cu-doped InP QDs is slow, with a time
constant of 1.8 ps, thereby preventing any slowdown of carrier
relaxation of hot electrons. Our results further identify that
structural relaxation of the Cu site is most likely ultrafast with a
reorganization energy of 220 meV.
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