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ABSTRACT: Time-resolved or time-correlation measurements using cathodolumines-
cence (CL) reveal the electronic and optical properties of semiconductors, such as their
carrier lifetimes, at the nanoscale. However, halide perovskites, which are promising
optoelectronic materials, exhibit significantly different decay dynamics in their CL and
photoluminescence (PL). We conducted time-correlation CL measurements of CsPbBr;
using Hanbury Brown-Twiss interferometry and compared them with time-resolved PL.
The measured CL decay time was on the order of subnanoseconds and was faster than PL
decay at an excited carrier density of 2.1 X 10'® cm ™. Our experiment and analytical model
revealed the CL dynamics induced by individual electron incidences, which are
characterized by highly localized carrier generation followed by a rapid decrease in carrier
density due to diffusion. This carrier diffusion can play a dominant role in the CL decay
time for undoped semiconductors, in general, when the diffusion dynamics are faster than
the carrier recombination.
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H alide perovskites are promising optoelectronic materials
that enable highly efficient solar cells' and light-emitting
diodes (LEDs).” As with other optoelectronic materials,
maximizing their performance in practical devices requires
nanoscale or atomic scale structural modification such as
passivation processes for carrier trapping at interfaces® and
grain boundaries.” The efficiencies of halide perovskite LEDs
are dramatically improved by nanoscale coating.”~ To analyze
the electronic and optical properties of such perovskite
materials, cathodoluminescence (CL) combined with electron
microscopy has attracted great attention in recent years as a
powerful tool that allows local analysis far beyond the
diffraction limit of light.* In addition to spectroscopic analysis,
time-resolved”'® or time correlation CL''~"”
the carrier lifetime at the nanoscale, which is not accessible by
conventional photoluminescence (PL) approaches. These
advanced CL methods with high spatiotemporal resolution,
which enable evaluation of the intrinsic material properties and
other nanoscale environmental factors such as the Purcell
effect,'>'* give more comprehensive understanding of the light
emission processes, leading to improvements in the efficiencies
and operating speeds of optoelectronic devices.

However, the luminescence decay of halide perovskites
measured by time-resolved CL in some previous studies'®'” is
obviously faster than that of time-resolved PL (TRPL).”’~**
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Although this contradiction suggests that the locality of carrier
excitation, which is the crucial difference between CL and PL,
can affect emission dynamics, to the best of our knowledge,
this point has not been studied.

To clarify the origin of this difference between CL and PL,
we conducted time-correlation measurements of CL from
CsPbBr;, one of the most widely studied halide perovskites,
and compared them with those of TRPL. For the time
correlation CL experiments, we employ Hanbury Brown-Twiss
(HBT) interferometry,"" ~"*'” which does not require a pulsed
electron source. The measured CL decay time was on the
order of subnanoseconds and was faster than the PL decay at
an excited carrier density of 2.1 X 10'® cm™. On the basis of
these experimental results, we introduce a model that considers
the locality of carrier excitation and explains the different
dynamics of CL and PL.

For doped semiconductors, CL and PL exhibit similar decay
dynamics, where the total recombination rate is proportional
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Figure 1. (a) Panchromatic CL image of a CVD-microwire with a thickness of 1.5 ym, CL spectrum I(E), and g(z)(r) curve of the microwire (W1).
(b) Secondary electron images and B(7) curves of ITC-particles (P1, P2, and P3). (c) B(z) curves obtained from sample P1 with probe diameters
of ~10 nm (purple) and 3.2 ym (green), and a schematic of each irradiation condition. (d) Superposition of B(z) curves obtained from the ITC-
particles, and a schematic of nonradiative recombination at the surface.

to the density of the excited carrier density, resulting in
exponential luminescence decay, characterizing the “one-body”
system.”>”>° On the other hand, halide perovskites are
typically undoped,'®™>* and the densities of excess electrons
and holes become equivalent. The recombination rate is

expressed by the following equation, including a quadratic term
(two-body effect).”**"**

dn
— = —kpn — ki’ 1)
Here n is the carrier density, and k, and k, are material-specific
rate coefficients. The second term (two-body effect) causes the
decay curve to be nonexponential and the luminescence decay
time to be dependent on the excited carrier density. Such an
excited carrier density dependence has been observed in halide
perovskites by time-resolved PL, and the decay curves follow

1.7%?" Furthermore, the dynamic carrier density decreases
because of carrier diffusion, which can affect the resultant
luminescence decay through the two-body effect. In fact, a two-
dimensional transient absorption microscopy study proposed
that such a diffusion effect should be considered when using a
highly focused excitation probe.”® This diffusion effect should
be more pronounced in the CL because an electron beam is
much smaller than the light probe. Thus, we introduce a
diffusion term into the rate equation in the same manner as in
the previous study:*®

dn

—kpn — kyn* + D

&n 1 dn}
2t
dr rdr (2)
Here the third term represents the two-dimensional radial
diftusion from the excitation position at the coordinate origin,
assuming that a focused beam penetrates a thin sample. D is
the carrier diffusion coeflicient. In the following analysis, we
use literature values for CsPbBr;, namely D ~ 1 cm? s™,*"* k,
=(21+17)x 10" s and k, (5.7 + 2.3) X 107 cm® s71.%!

For the experiment, we prepared single-crystal CsPbBr;
microwires bg chemical vapor deposition (CVD) on a SiO,/
Si substrate,” and polycrystalline CsPbBr; particles of several
micrometers or larger by an inverse temperature crystallization
(ITC) method (Supporting Information A).”' ~>* None of the
prepared CsPbBr; particles were intentionally doped. Here-
after, these CsPbBr; samples are referred to as CVD-
microwires and ITC-particles, respectively.

We measured CL from the CsPbBr; samples under electron
irradiation with a kinetic energy of 80 keV and probe current
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values of 0.95 and 6.8 pA at room temperature. The details of
the experimental setup are described in Supporting Informa-
tion B.'*'” Figure la shows a panchromatic image of a
fabricated CVD-microwire with a thickness of 1.5 um (W1),
the CL spectrum I(E), and the second-order autocorrelation
function g¥(7) curve obtained from this microwire. We
confirmed that all of the fabricated CVD-microwires had
square cross sections perpendicular to the long axis. The CL
spectrum I(E) showed a peak at 2.34 eV. This energy value
agrees well with that reported previously, and this peak can be
attributed to interband transition.”>*° This is also supported
by UV—vis absorption spectroscopy conducted on an
ensemble of numerous CVD-microwires on a SiO,/Si
substrate with an illumination spot of several millimeters.
The measured average bandgap energy was 2.32 eV, which is
consistent with the observed CL peak (see Supporting
Information C and refs 36—38 therein). The decay of this
luminescence is reflected in g®(z)"'~"* with photon bunching
(g?(7) > 1). To evaluate the emission decay time, we adopted
the half-width at half-maximum of the bunching peak, 7, ,, i.e.,
the period during which the emission rate decreases to half of
its initial value. The measured 7/, of 0.2 ns was much shorter
than 7,,, of the previously reported TRPL result of about 1 ns
obtained at a relatively high photocarrier density (7 X 107
cm™3).>! Note that the true 7, 1, value can be even smaller than
0.2 ns if we consider the broadening effect due to the
instrument response function (IRF) (Supporting Information
B). Figure 1b shows the results of the HBT-CL experiment for
three ITC-particles (P1, P2, and P3) obtained with a probe
current of 0.95 pA for P1, and 6.8 pA for P2 and P3. For
comparison, the obtained g(z)(r) curves were normalized as
follows:

B g(l)(r) ~1

By =4 D71
g?0) -1

)

All the CL bunching peaks showed subnanosecond decays
regardless of the differences in the synthesis method, the size
and shape of the particles, or the probe current. Notably, these
subnanosecond CL decays cannot be attributed to defects
introduced by electron-beam irradiation because no decrease
in the CL intensity was observed during the experiments. The
used probe current values of 0.95 and 6.8 pA correspond to the
electron incidences with the average time intervals of 170 and
24 ns, respectively. Since these average intervals are much
longer than the measured 7,/,, the observed subnanosecond
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Figure 2. (a) Optical microscope image of a CVD-microwire with a thickness of 4.5 ym. (b, c) Experimental PL intensity I(t) (dots) obtained at

several ] values, and fitting curves based on (b) eq 2 and (c) eq 1. For the fitting, k; and k, were set to 2.1 X 107 s™" and 5.7 X 107"

cm’® s_l,

respectively.”’ The diffusion constant D was set to 1 cm?s™! in (b).”"*® The best fitting set r, is 1.0 ym in (b). PL intensity I(t) is normalized by

I1(0). The fitted values of ng are given on the right side of each plot.

CL decays originate from individual electron incidence. This
interpretation of the excitation by individual electrons is also
supported by the CL decays obtained with different probe
diameters of ~10 nm and 3.2 ym at the same probe current
value 0.95 pA showing identical CL decays (Figure 1c). While
all of the B(z) curves are similar up to 0.1 ns, sample P3 decays
faster than the others after 0.1 ns (Figure 1d). This
acceleration of the CL decay in the relatively small P3 particle
can be explained by carrier diffusion to the surface with a high
concentration of nonradiative recombination centers.””*' On
the other hand, the B(7) curves obtained from samples P1 and
P2 with sizes of several micrometers or more show good
agreement. Considering the large size difference between P1
and P2, we were concerned that reabsorption effects might
cause the carrier generation depth dependence of the CL
spectrum.” Nevertheless, this effect on the CL dynamics is not
observed under our experimental conditions. This is probably
because the particles measured are too small to cause
significant reabsorption. The particle size-independent decay
curve means that CL dynamics in the bulk is observed, and fast
phenomena in the bulk shorten the CL decay time. Assuming
that the observed CL decay (Figure 1) can be explained by eq
1, the initial carrier density n, excited by individual 80 keV
electrons should reach an order of 10'® cm™ based on the
measured values 7,,, = 0.20—0.25 ns (Supporting Information
D). This high carrier density seems overestimated because it is
even higher than the carrier density generated by a pulsed
electron beam containing 490 electrons per pulse.”

We subsequently considered the influence of carrier
diffusion on the luminescence dynamics using eq 2. Before
applying eq 2 to the discussion of CL dynamics, we evaluate
the validity of eq 2 using a micro-TRPL experiment with a
focused excitation laser. This micro-TRPL experiment can
clarify the carrier density dependence of the luminescence
decay by varying the excitation energy density per pulse J. By
fitting the decay curves of the series of measurements with
varying J, it is possible to determine the initial photocarrier
density ny and probe radius 7, in eq 2. A CVD-microwire with
a thickness of 4.5 ym shown in Figure 2a was irradiated by a
pulsed laser with photon energy of 3.31 eV and a duration of
0.2 ns at room temperature. The details of the experimental
setup are described in Supporting Information E. Figure 2b
shows the micro-PL decay measured at several different |
values. The decay became faster as J, that is, as n, increased.
Such ny-dependent decay is characteristic of many-body
systems. The experimental micro-PL intensity decay curves
I(t) are well reproduced by the theoretical curves obtained by
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numerically solving eq 2 and integrating the radiative
contribution from the detection area:

1(t) o 27k, / (e, ) Pr dr @
0

Here r; (=0.9 ym in this experiment) is the radius of the light
detection area. Therefore, the observed PL dynamics can be
described as a composite system of one- and two-bodies with
equal excess electron and hole densities. Since the local photon
emission rate for undoped semiconductors is proportional to
the square of the photocarrier density n (two-body effect),
which has a spatial distribution, the total intensity I(t) is
influenced by the carrier diffusion. In this fitting (Supporting
Information G), we opted for optimal values of 1, and r, so
that the mean squared error (MSE) was minimized between all
experimental and theoretical curves, setting the parameter
linear to J. The derived value for r, of 1.0 ym is reasonable for
the design of the optical system. In contrast, without carrier
diffusion reasonable fitting parameters could not be found,
especially under low n, conditions (Figure 2c). This indicates
that carrier diffusion is essential for luminescence decay. While
in the current analysis we employ the diffusion coeflicient of D
=1 cm? 57,7 this MSE analysis has shown that different
values, such as D = 2 em? s7,*? increased the error by a factor
of 1.4 (SugPorting Information G). Hereafter, we employ D =
1 cm? s71.*%* This validates our choice of the initial diffusion
coeflicient. The temporal evolution of the carrier density
distribution calculated for ny = 5.9 X 10' cm™ is shown in
Supporting Information F, directly indicating that the carrier
diffusion is never negligible when the carrier generation
volume is considerably small. We further confirmed that Auger
recombination term kyn® (three-body effect)® and other
many-body effects are negligible in the aforementioned
photocarrier density range of the order of 10'® cm™ or less
(Supporting Information H). Notably, the above results do not
completely rule out exciton emission (another one-body
effect) in the micrometer-sized CsPbBr; particle, which was
ignored in the analysis. Nevertheless, the possible exciton
component does not significantly affect the interpretation
because the lifetime of exciton is expected to be lonéer than 10
ns based on the reported exponential components.”"**

The carrier diffusion effect should be more pronounced in
CL than in micro-PL, because the carrier generation volume in
CL is fundamentally narrower. To apply eq 2 to the HBT-CL
results, the individual incident electrons were assumed to travel
along the central axis of the cylindrical coordinate system
(Figure 3a). The electron—hole pair generation by an electron
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Figure 3. (a) Schematic illustration of the carrier generation process by electron irradiation. r, was defined as the initial radius of the radiative
recombination which the induced carriers reach by the end of the thermalization process. (b) Temporal evolution of carrier density distribution
calculated based on eq 2. 1y is set to 90 nm. The rate constants k;, k,, and diffusion constant D are the same as those in calculations in Figure 2b.
The ratio of ,, to the initial value (r,,.,) is shown in the inset. (c) Calculated decay I(t) of CL for several r, and the experimental B(z) curve for
sample P1. The IRF for HBT-CL is convoluted in the calculated curves.

beam is mainly mediated by bulk plasmons*"** with a decay

length of several tens of nanometers.”” The electron energy-
loss spectroscopy (EELS) measurement showed that the single
excitation energy of bulk plasmons in CsPbBr; is 18 eV (see
Supporting Information I and refs 44—47 therein). As shown
by the trajectory simulation (Supporting Information I)
generated using Casino software,”® most of the incident
electrons lose all their kinetic energy (80 keV) before reaching
the depth of 25 pm, which is approximately the size of sample
P2 in Figure 1. More than 98% of the carriers were generated
during the deceleration of incident electrons from 80 to 1 keV.
Within this kinetic energy range of the electron beam, the
average interval of bulk plasmon excitations was estimated to
be 1.5—19 nm by the Bethe formula®’ under the assumption
that all inelastic scattering events are accompanied by bulk
plasmon excitations. The generation efficiency of electron—
hole pairs 0.15—2 nm™" was roughly estimated by assuming
three electron—hole pairs are generated per bulk plasmon.”
The uniform carrier distribution in the cylinder with r, was
tentatively assumed as the initial carrier distribution for the
recombination process. Figure 3b shows the theoretical
temporal evolution of the carrier distribution for D = 1 cm?”
s™!, where r, = 90 nm was chosen based on the comparison of
the experimental B(7) obtained from sample P1 and the CL
decay curves I(t) calculated for several r, values (Figure 3c).
For ry = 90 nm, the initial carrier density n; is on the order of
10'° cm™ at the electron beam energy of 80 keV. 1, increases
on the order of 10'® cm™ with the deceleration of the incident
electrons to 1 keV in the sample. Nevertheless, the calculation
at 1 keV shows almost the same CL decay (Supporting
Information I), indicating that the carrier increase due to the
deceleration of the incident electrons is not sufficient for the
second term (radiative recombination) in eq 2 to exceed the
dominant contribution of the third term (carrier diffusion).
Although this initial carrier density in CL (10" cm™) is much
lower than that in the above micro-TRPL experiment (~10'°—
10" cm™3), the CL decay is faster. Indeed, carrier diffusion
plays a dominant role in CL decay. We define the average
radius of the carrier density distribution as follows:

fom n(r, t)r* dr
/ooon(r, t)r dr

ave

(s)
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The ratio of r,,, to its initial value 7,y (F,e/Tave0) increases to
8.7 in just 1 ns; that is, the carrier density drops to less than a
few % of the initial density within 1 ns (Figure 3b).
Accordingly, we concluded that the subnanosecond decay
observed in the HBT-CL experiment is due to the carrier
diffusion accompanied by a drop in carrier density, and carrier
diffusion intrinsically dominates the CL decay because of the
narrow carrier generation volume compared to the carrier
diffusion range. Notably, the calculated carrier diffusion is less
than a few pm within 1 ns. This is supported by the absence of
the surface nonradiative recombination in the CL decay curves
obtained from samples P1 and P2 (Figure 1d). We do not have
to consider the propagation of bulk plasmons for the estimated
value of r, = 90 nm, which is too long for the plasmon
propagation.*” We emphasize that r, is the radius of the
cylinder along a single trajectory (Figure 3a) rather than the
size of the pear-shaped volume given by a large number of
electron trajectories (e.g., Figure S13 in Supporting Informa-
tion I). Near the end of each trajectory, the cylindrical
diffusion model can fail due to frequent and sharp bends in the
trajectory as well as a steep carrier density gradient along the
trajectory due to deceleration (Figure S13). However, the
influence of such irregularities near the end of each trajectory
was not observed as understood by the fact that the B(r)
curves obtained from samples P1 and P2 agree well (Figure
1d) despite largely different decelerations due to their size
difference. Possible reasons are that emitted light from such a
deep position is reabsorbed, or the position is out of focus of
the CL detection optics, or the contribution of such
irregularities is too small. We consider that fast electron-
induced carriers have high kinetic energy and immediately
diffuse during the thermalization process until they reach the
bottom of the conduction band or the top of the valence band.
This hot-carrier diffusion broadens the carrier distribution
before radiative recombination begins (Figure 3a). Hot-carrier
generation is possible because the bulk plasmon energy (18
eV) is approximately eight times higher than the bandgap
energy (2.32 eV). The local heating through this thermal-
ization process in the CL experiment was estimated to be
milder than that in the micro-TRPL experiment (Supporting
Information K). Since the micro-TRPL results can also be
reasonably reproduced using the parameters determined at
room temperature, we can consider that heating by an
excitation electron or laser was negligible in the conducted
experiments.
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In conclusion, we found a subnanosecond decay of
luminescence from CsPbBr; particles induced by individual
80 keV electrons in the HBT-CL experiment, which was faster
than the PL decay at ny = 2.1 X 10'® cm™. We successfully
explained this fairly fast CL decay using theoretical modeling,
leading to the formulation of diffusion-dominant CL dynamics
in CsPbBr;. Each incident electron locally excites carriers at a
moderate density of over 10'® cm™, which is, however, highly
localized such that the carrier diffusion dominates the decay
dynamics through the two-body effect. This diffusion effect is
present in both CL and micro-TRPL. In PL, the diffusion effect
becomes negligible by increasing the probe size, as seen in the
typical TRPL measurement,”’ whereas in CL, it inevitably
appears since the highly localized excitation is induced by
individual incident electrons. Notably, the diffusion coefficient
for CsPbBr; is moderate among semiconductors (see
Supporting Information L and refs 21, 22, 29, S0—66 therein).
Therefore, the discrepancy observed between the CL and PL
in other halide perovskites'®™>' may be partially or fully
explained by eq 2, and the above conclusions can be
generalized to the other undoped semiconductors as long as
the carrier trapping or excitonic effects are sufficiently small
(Supporting Information M). This diffusion-dependent CL
decay measurement can be used to evaluate the carrier
diffusion constants once the intrinsic emission lifetime is
known, for example, using large-probe TRPL. Furthermore, the
found carrier diffusion effect offers a new approach for
developing fast scintillators that materialize as subnanosecond
electron detectors for ultrafast scanning electron imaging.
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