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ABSTRACT: For the practical applications in solar cells and photo-
detectors, semiconductor colloidal nanocrystals (NCs) are assembled into a
high-concentration film with carrier transport characteristics, the full
understanding and effective control of which are critical for the achievement
of high light-to-electricity conversion efficiencies. Here we have applied
transient absorption microscopy to the solid film of giant CdSe/CdS NCs
and discovered that at high pump fluences the carrier transport could reach a
long distance of ~2 pm within ~30 ps after laser pulse excitation. This
intriguing behavior is attributed to the metal—insulator transition and the
associated bandlike transport, which are promoted by the enhanced
electronic coupling among neighboring NCs with extended wave functions overlap of the excited-state charge carriers. Besides
providing fundamental transport information in the regime of high laser pump fluences, the above findings shed light on the rational
design of high-power light detecting schemes based on colloidal NCs.
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emiconductor colloidal nanocrystals (NCs) are featured insulator transition effect by heavy doping,26 which requires

with discrete energy-level structures that are tunable by the the occupation of tens of charge carriers inside a single NC. At
quantum-confinement effect, making them attractive building such a high density in conventional colloidal NCs, the charge
blocks for various optoelectronic devices such as lasers, Iight— carriers suffer from intense multiparticle Auger recombination

iy . . . . 27 . .
emitting diodes, field-effect transistors, photodetectors and at the picosecond time scale,”” resulting in a much-shortened
solar cells.'~” In these practical applications, high-concen- transgggt distance to deteriorate relevant device opera-
tration NCs are assembled into a solid film whose tions.>®*’ By adopting a thick-shell structure to reduce the

i is criti lap of elect d hol functions,””*" the A

optoelectronic performance is critically dependent on the overlap of electron and hole wave lunctions, € Auger
transport characteristics of charge carriers created by either recombination effect can be mg;uﬁcantly suppressed in the so-
light illumination or electrical injection. Due to the isolated called giant CdSe/CdS NCs,™ as confirmed by the hlghg)%’
nature of single NCs each containing charge carriers within a efﬁgent 'multlex'aton €mission at tbe single-particle level.™
spatially confined volume, the as-formed solid film typically While being a suitable material to realize the lon§-pursued goal

of electrically pumped laser diode operation,”" these giant
CdSe/CdS NCs have provided an unprecedented opportunity
to explore how the transport behaviors are manifested in the
presence of high-density charge carriers.

Here we focus on the solid film made of high-concentration
giant CdSe/CdS core/shell NCs, whose suppressed Auger
recombination yields a multiexciton lifetime longer than one
nanosecond. By means of transient absorption microscopy, the
carrier transport dynamics in a CdSe/CdS NCs film can be

exhibits a short carrier transport distance of tens of nanometers
and a poor carrier mobility below ~107! cm? V™' s7L.57"" Over
the past two decades, tremendous research efforts have been
devoted to the improvement of carrier transport properties in
the NCs films, mainly including the reduction of size
inhomogeneity,'>~'* the change of capping ligands,"*"" the
formation of ordered arrays,”’~** and the employment of
annealing'>'® or doping'***~** procedures. So far, the longest
carrier transport distance was reported to be at the scale of
~200 nm in an ordered array of colloidal NCs.** Meanwhile,
the highest carrier mobility of ~20 cm® V™! s was obtained Received: July 26, 2023
by annealing and sintering the solid films,">'® but the intrinsic Revised:  October 14, 2023
electronic states of colloidal NCs would be severely perturbed Accepted:  October 17, 2023
or even completely destructed. Published: October 23, 2023
A feasible strategy of gaining high carrier mobility while
keeping the quantum states intact is to induce the metal—
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Figure 1. (a) TEM image of CdSe/CdS NCs whose statistical histogram of the diameter distribution is plotted in the inset. (b) PL (red dotted
line) and absorption (black solid line) spectra of the CdSe/CdS NCs solution. (c) TA curves measured for the CdSe/CdS NCs solution at the
exciton numbers (N) ranging from 0.1 to 45.3. (d) TA curves measured for the CdSe/CdS NCs film at the exciton numbers (N) ranging from 0.2
to 48. The TA curves in ¢ and d are fitted by exponential functions with the corresponding lifetimes being listed in Table 1.

imaged with spatial and temporal resolutions of ~100 nm and
~200 fs, respectively. At low pump fluences, the photo-
generated charge carriers are localized inside single CdSe/CdS
NCs with a negligible transport distance comparable to that
measured for the reference solution sample. With the
increasing pump fluences, the carrier transport distance is
progressively elongated and arrives at a value of ~2 ym when
~48 excitons are created inside a single CdSe/CdS NC.
According to our Monte Carlo simulations, this long-range
carrier transport is attributed to the metal—insulator transition
effect triggered by the abundant charge carriers in the higher-
lying energy states. The delocalized wave functions of these
excited states can promote efficient electronic couplings among
neighboring CdSe/CdS NCs, thus leading to the appearance of
bandlike transport characteristics in the solid film.

Based on an optimized high-temperature pyrolysis method
reported previously,””*** the giant CdSe/CdS core/shell
NCs are synthesized with an average diameter of ~12.4 nm
(see Figure 1a). When considering the diameter of ~3.8 nm
for the CdSe core (see Figure S1), we can deduce that the shell
of a single CdSe/CdS NC consists of ~12 CdS monolayers
each with a thickness of ~0.35 nm. This chosen number of
monolayers has been proved to adequately passivate the
surface traps of the CdSe core and effectively avoid the strain-
induced defects in the CdS shell, resulting in a photo-
luminescence (PL) quantum efficiency of ~100% for the
CdSe/CdS NCs.”” As shown in Figure 1b, the band-edge
absorption and emission peaks of these CdSe/CdS NCs are
located at ~625 and ~635 nm, respectively. In Figure S2, we
plot the PL intensity measured for the CdSe/CdS NCs film as
a function of the laser power density, which can be fitted to
yield an absorption cross section (o) of ~7.73 X 107"° cm? at
the excitation laser wavelength of 450 nm (see Supporting
Information for details). This absorption cross section can be
conveniently used to estimate the number of photogenerated
excitons (N = jo) inside a single CdSe/CdS NC at each pump
fluence (j), which is the main parameter varied in the following
transient absorption (TA) and TA microscopy (TAM)
measurements performed at room temperature.

With the pump and probe wavelengths being, respectively,
tuned at 450 and 635 nm, we first perform the TA
measurement on a CdSe/CdS NCs solution with the toluene
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solvent (see the Supporting Information for details), for the
purpose of probing the intrinsic carrier dynamics without the
influence of mutual NC interactions. As can be seen from the
TA curve measured at N = 0.1 in Figure Ic, the pump-induced
transmission change of AT/T shows no obvious decay within ¢
~ 1 ns, which is consistent with the long single-exciton lifetime
of ~62 ns obtained from the time-resolved PL measurement
(see Figure S3). With the increasing pump fluence to promote
more excitons inside a single CdSe/CdS NC, there appears in
the TA curve a fast decay component contributed by the
multiexciton Auger recombination process.”” Specifically, the
fast decay components of ~3.0 and ~1.4 ns measured at N ~
1.1 and ~S5.6 should correspond to the Auger lifetimes of
biexcitons and higher-order excitons, respectively. As summar-
ized in Table 1 at various N values, this fast TA decay lifetime

Table 1. TA Decay Lifetimes of CdSe/CdS NCs Solution
and Film Measured at Various Exciton Numbers (N)

CdSe/CdS NCs

solution CdSe/CdS NCs film
N Lifetime (ns) N Short lifetime (ps)  Long lifetime (ns)
1.1 2.95 0.5 2.24
5.6 1.42 4.8 1.35
113 1.23 9.6 68 1.40
22.7 1.34 19.1 22 1.45
45.3 1.13 48.0 21 0.86

is always longer than ~1.1 ns even at N > 45, confirming that
the Auger recombination of multiexcitons is indeed signifi-
cantly suppressed in the giant CdSe/CdS NCs.””*

After TA characterizations of the reference solution sample,
we prepare a ~80 nm-thick solid film of closely packed giant
CdSe/CdS NCs (see Figure S4 for the structural properties)
for the TAM measurements to probe the spatiotemporal-
resolved carrier dynamics (see the Supporting Information for
details). Using the TAM setup in Figure S5 with spatially
overlapped pump and probe beams, we first study the carrier
decay dynamics of a NCs film at different pump fluences. As
shown in Figure 1d with the increasing pump fluences, there
appear fast decay components with lifetimes of ~2.2 and ~1.4
ns at N & 0.5 and 4.8, respectively. As discussed previously for
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N=1

Figure 2. (a) Normalized 2D TAM images measured at N & 0.1 for the CdSe/CdS NCs film at the time delays of 0, 1.1, 6.5, and 13 ps,
respectively. The scale bars represent 1 ym. (b) Normalized 2D TAM images measured at N = 48 for the CdSe/CdS NCs film at the time delays of

0, 1.1, 6.5, and 13 ps, respectively. The Scale bars represent 2 pm.
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Figure 3. (a) Normalized 1D TAM image measured as a function of time delay for the CdSe/CdS NCs film excited at N ~ 1.0. (b) Time evolution
of the corresponding MSD values extracted from a. (c) Normalized 1D TAM image measured as a function of time delay for the CdSe/CdS NCs
film excited at N ~ 48. (d) Time evolution of the corresponding MSD values extracted from c. (e) Normalized 1D TAM image measured at a fixed
time delay of 30 ps for the CdSe/CdS NCs film excited at increasing exciton numbers (N). (f) The corresponding N-dependent carrier distribution
widths (o) extracted from e where the two red solid lines are guides for the eye.

the CdSe/CdS NCs solution (Figure lc), these two
components should be contributed by the Auger recombina-
tion of biexcitons and higher-order excitons, respectively.
However, as N is elevated to ~9.6 and larger numbers, besides
the nanosecond component revealed above, there emerges an
additional one in the TA curve with a decay lifetime of tens of
picoseconds. As can be seen from the TA curves plotted in
Figure 1d and the fitted values listed in Table 1, this new
lifetime component becomes faster and more predominant
with the increasing N.

According to previous studies, the fast decay
component of tens of picoseconds should be associated with
the carrier transport across neighboring NCs, as further
confirmed by the 2D TAM images presented below. To
exclude the influence of Auger recombination with a
nanosecond multiexciton lifetime (Figure 1lc), these TAM

11,20,37
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measurements are performed at ¢ < 30 ps. As shown in Figure
2a at the low pump fluence of N = 1.0, the spatially dependent
AT/T distribution or carrier diffusion spot in the NCs film
stays almost the same at ~0.5 ym for the variation of ¢ from 0
to 13 ps. However, at a high pump fluence of N = 48 (Figure
2b), the carrier diffusion spot is significantly expanded to a
micrometer scale during the same time period. Due to
isotropic carrier diffusion in the NCs film, we can focus on
ID instead of 2D TAM images below to reduce time
consumption in the optical measurement and data analysis.
The 1D TAM image taken at a low pump fluence of N = 1.0
is plotted in Figure 3a, where the AT/T distribution at each ¢
up to 30 ps can be well fitted by a Gaussian function to yield
the carrier distribution width o(t).>**” As plotted as a function
of t in Figure 3b, the obtained mean squared displacement
(MSD = ¢*(t) — 6*(0)) shows a small variation around the
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Figure 4. (a) 1D TAM profiles measured at several representative time delays for the CdSe/CdS NCs film excited at N = 48, where the raw instead
of normalized data points are utilized. (b) Corresponding TA curves measured at the separation distances of x = 0 and 2 ym between the pump and
probe laser spots, besides which the integrated one over the whole x range between +6 ym is also provided. (c) Normalized 1D TAM profiles of
the CdSe/CdS NCs film replotted from a and fitted by the Gaussian functions. (d) Residuals of the Gaussian fittings in c. (e) Normalized 1D TAM
profiles of the CdSe/CdS NCs film replotted from a and fitted by the Monte Carlo simulations. (f) Fitting residuals of the Monte Carlo simulations

in e.

zero level, indicating that carrier diffusion out of the pump spot
is negligible as already revealed in Figure 2a. In Figure 3c, we
provide the 1D TAM image measured at a high pump fluence
of N =~ 48, whose AT/T distribution now expands
progressively with increasing t and arrives at a stable profile
after ~28 ps. As discussed later, these AT/T distributions can
only be roughly fitted by Gaussian functions during the fast
expansion stage, with the extracted MSD values being plotted
in Figure 3d to yield a long carrier transport distance (

L = JMSD) of ~2.0 um at t > 28 ps. In the next step, we fix
the time delay at t = 30 ps and change the pump fluences from
N = 0-50, with the obtained 1D TAM images being displayed
in Figure 3e. As can be seen from these images and the rough
Gaussian fittings of AT/ T distributions in Figure 3f, the carrier
distribution width ¢ starts from ~0.5 pm and increases very
slightly within N = 0—10, after which it shows a rapid
expansion to reach a large value of ~2.0 ym at N = 50.

For comparison, similar TAM measurements are performed
on the solid films containing core-only CdSe NCs with a
strong quantum confinement and giant CdSe/CdS NCs with a
different types of surface ligand. In the former case, the MSD
value of ~1 um® extracted at 30 ps (see Figure S6) is
significantly smaller than that of ~4 um* measured for the
giant CdSe/CdS NCs at the same pump fluence. This suggests
that the enhanced Auger recombination (Figure S7) plays a
crucial role in reducing the carrier transport distance in the
core-only CdSe NCs film. Moreover, although there exists
Forster-type energy transfer among neighboring CdSe NCs in
the closely packed solid film,”" it is not sufficient to promote
long-range carrier transport observed in the giant CdSe/CdS
NCs film. In the latter case, very similar MSD values are
obtained after the original oleic acid ligands have been replaced
by the shorter octanethiol ones (see Figure S8), thus signifying
that the micrometer-scale carrier transport is robust against the
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variation of separation distances among neighboring giant
CdSe/CdS NCs.

In Figure 4a under the N = 48 condition, we plot the raw
AT/T profiles extracted from the 1D TAM image in Figure 3¢
at several representative time delays of ¢ = 0.2, 0.6, 1.4, 5.0, and
30 ps, respectively. At the central position of x = 0 ym where
the pump and probe beams are spatially overlapped, the AT/T
signal shows a rapid rise to the maximum value within ~1.4 ps,
followed by a relatively slow drop toward the end of the 30 ps
time window. The above AT/T evolution is consistent with
the TA curve measured within t = 30 ps at the same x = 0 ym
position, which is plotted in Figure 4b with the purple data
points. Also displayed in Figure 4b is the TA curve measured
with the shifted probe beam to x = 2 ym, whose AT/T signal
represented by the green data points now shows a slow rise
other than the slow drop observed at x = 0 um. Since the
CdSe/CdS NCs located at x = 2 um cannot be directly excited
by the pump beam, this slow rise of the AT/T signal should
correspond to their capture of charge carriers originally
generated at x = 0 pm.

Besides x = 0 and 2 pm, we have also taken the TA
measurements at many other probe-beam positions within x =
+ 6 um, with the integrated curve plotted in Figure 4b by the
blue data points. The AT/T signal remains almost a constant
value within 0—30 ps, owing to the counteracting effects of
charge flowing into and out of the NCs to keep the total
population largely unchanged. This constant AT/T signal
obtained within 0—30 ps also signifies that the charge
population is barely influenced by the Auger recombination
effect, which becomes effective only at longer time delays of ¢
2 100 ps to cause an obvious droop in the three TA curves
displayed in Figure 4b.

As mentioned earlier, the AT/T distributions in the TAM
images obtained at high pump fluences are fitted by Gaussian
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functions only for convenience to extract the ¢t-depenent MSD
and N-dependent ¢ values in Figure 3d and f, respectively. In
Figure 4c, we plot the normalized AT/T distributions
originally shown in Figure 4a and fit them with the respective
Gaussian functions. The fitting residuals in Figure 4d show that
the AT/T distributions measured at 0.2 and 30 ps can be well
described by the Gaussian functions, corresponding to the
initial generation of charge carriers and their final arrival at
equilibrium status, respectively. However, the AT/T distribu-
tions acquired at 0.6, 1.4, and 5.0 ps deviate significantly from
the Gaussian-function fittings, giving rise to highly structured
features in the fitting residuals displayed in Figure 4d. These
deviations strongly imply that the diffusion of charge carriers is
extremely fast with a large-step hopping behavior,’ the
essence of which can be captured by our Monte Carlo
simulations (see the Supporting Information for details).

In these simulations, the carrier transport process is modeled
as a combination of several random walks with the key
parameters of hopping step size and time constant. To account
for the long-range carrier transport, the first hopping step size
and time constant are set to be ~1.1 um and ~0.7 ps,
respectively, which are consistent with those values previously
employed to calculate the photo- and dark-band conductivities
of an ordered NCs array.”> Moreover, with the subdiffusive
transport characteristics shown in Figure 3c, the hopping step
size is gradually reduced with the increasing time delay in our
simulations, eventually recovering the Gaussian-like carrier
distribution profile after t > 28 ps. The simulated results
reproduce very satisfactorily the AT/T distributions presented
in Figure 4e, as judged by the almost unstructured fitting
residuals provided in Figure 4f.

Since the micrometer-scale carrier transport occurs at the
time delays of sub-30 ps, the direct excitation of NCs by means
of the photon waveguiding and recycling effects can be safely
ruled out, which are associated with the femtosecond and
nanosecond time constants, respectively. As such, we propose
that the fast carrier diffusion, featuring a large first-step
hopping distance, is caused by the metal—insulator transition
effect, owing to the presence of high-density charge carriers in
the NCs film. According to previous theoretical calculations,*®
this metal—insulator transition is analogous to the Mott
transition in bulk materials and can be triggered in a solid film
when tens of excitons are accommodated by each of the
composing silicon NCs. In addition, it was demonstrated in
previous works that a large optical-gain bandwidth of ~500
meV could be promoted above the band edge of giant CdSe/
CdS NCs, reflecting the occupation of higher—lyin§ energy
states by the photogenerated charge carriers.””’” The
electronic wave functions of these higher-energy charge
carriers are delocalized in nature, and they are associated
with a large probability density to be outside of a single
NC*"* to facilitate the formation of extended electronic
states”'”** in the solid film excited at high pump fluences. This
would trigger the metal—insulator transition with a bandlike
carrier transport feature,'”*” which is further confirmed by the
observed quadratic dependence of MSD on the time delay™® of
~0—1 ps in Figure S9. When considering that the hole wave
function is localized inside the core while the electron wave
function is delocalized over the whole core—shell structure,**
we speculate that the bandlike transport behavior observed in a
CdSe/CdS NCs film should be caused by the photogenerated
electrons with a small effective mass. Furthermore, the excited-
state charge carriers are capable of participating in a hot-carrier

diffusion process,” which could make an additional con-
tribution to the long transport distance observed in our
experiment.

In conclusion, we have performed TAM measurements on
the solid film of giant CdSe/CdS core/shell NCs to
characterize the carrier diffusion dynamics with high spatial
and temporal resolutions. At a high pump fluence correspond-
ing to the generation of ~48 excitons per NC, the charge
carriers demonstrate an extremely long transport distance of
~2 pm after ~30 ps of laser pulse excitation. A close
examination of the carrier distribution spot reveals that right
after the initial generation stage, it deviates significantly from
the Gaussian-function fitting to imply the existence of a fast
diffusion process. Based on random-walk Monte Carlo
simulations, this ultrafast long-range transport is triggered by
a first-step hopping size of ~1 um, owing to the occurrence of
metal—insulator transition involving abundant charge carriers
in the higher-energy excited states with extended wave
functions. Once this abnormal diffusion process has started,
the number of charge carriers inside each single NC gradually
decreases to eventually recover their Gaussian-like spatial
distributions. This subdiffusive transport behavior can also be
reproduced by our Monte Carlo simulations, assuming that the
hopping step size of charge carriers is gradually reduced toward
the end of the ~30 ps measurement time. The above findings
have pushed electronic transport studies of colloidal NCs films
to the regime of high-density charge carriers, which can
stimulate the rational design of various high-power light
detection and high-density charge manipulation schemes. As it
is now feasible to dope a single colloidal NC with tens of extra
charges by the ionic gating technique,”” the micrometer-scale
transport distance with reserved quantum features can also be
employed to enhance the light-to-electricity conversion
efficiencies in relevant solar-cell and photodetector devices
working at normal conditions.
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