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We measure ultrafast carrier dynamics in a single CdSSe nanowire at different excitation fluences using an ultrafast Kerr-gated
microscope.The time-resolved emission exhibits a dependence on excitation fluence, with the onset of the emission varying on the
picosecond time scale with increasing laser power. By fitting the emission to a model for amplified spontaneous emission (ASE),
we are able to extract the nonradiative carrier recombination lifetime and nongeminate recombination constant. The extracted
nongeminate recombination constant suggests that our measurement technique allows the access to the nondiffusion limited
recombination regime in nanowires with low carrier mobility.

1. Introduction

With the vast progress in chemical synthesis of semicon-
ductor nanostructures, there is a need to understand carrier
transport in the plethora of available morphologies. Ternary
alloy semiconductors, such as CdSxSe1−x, are particularly
intriguing for both scientific studies and technological appli-
cations. As the bandgap of CdSxSe1−x can span the entire
visible spectrum through alloy variation, it has potential
applications as a light harvester in solar cells and a tunable
wavelength source in semiconductor nanolasers [1–3]. The
high defect density inherent to ternary alloys in comparison
to their binary counterparts has led to reports of increased
density of nonradiative recombination centres (Shockley-
Read-Hall states) in AlGaAs [4] while exciton localisation in
CdSSe nanobelts has been attributed to bandgap variation
along the nanobelt [5]. As compositional variations can occur
on the single particle level for CdSSe, compositional and
morphological variations within an ensemble of particles
complicate interpretation of ensemble averaged measure-
ments, making the need for single particle measurements all
the more pertinent for carrier dynamics studies.

Here, we investigate early luminescence dynamics in
a single CdSSe nanowire at different excitation intensities
using a Kerr-gated ultrafast microscope [6]. The short-
lived, nonlinear emission is assigned to amplified sponta-
neous emission (ASE). Fitting the emission to a nonlinear
model allows us to extract information on the impurity
mediated nonradiative carrier lifetime and the nongeminate
recombination coefficient. The nongeminate recombination
coefficient demonstrates that our measurement technique
allows the access to carrier dynamics on short enough
timescales and high enough densities that recombination
is not diffusion-controlled. This therefore shows that the
majority of the excited carriers recombine before significant
impurity, phonon, or defect scattering.

2. Materials and Methods

CdSSe nanowires were grown by the vapour liquid solid
(VLS) method detailed in the previously published work
[7, 8]. This technique is known to produce single crystalline
nanowires with wurtzite phase and ensemble XRD measure-
ments (not shown) are in agreement with the nanowires
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having wurtzite crystal structure. Nanowires were drop-cast
onto transmission electron microscope (TEM) grids to allow
different characterisation techniques to be conducted on
the same nanowire. Initial characterization of the nanowires
involved fluorescencemicroscopy with anOlympus IX70 and
SEM using a Hitachi S4700.

Figure 1(a) shows a true colour micrograph of the chosen
nanowire for the study. A faint outline of the TEM grid is vis-
ible on the right-hand side of themicrograph due to scattered
light. Using the spectral properties of the colour filters in the
charged coupled device (CCD) camera of the IX70, we can
map a colour from the bitmap image to a particular emission
wavelength (Figure 1(b)) [8]. The emission wavelengths can
then be used to gauge composition variations along the length
of the wire. Assuming that band edge emission dominates [5],
the emission wavelength of ∼563 nm suggests a composition
of CdS

0.8
Se
0.2
, using the compositional dependence found

in [9], with no more than 5% variation along the length
of the wire. Figures 1(c) and 1(d) are SEM images of the
nanowire. The images reveal that the surface is smooth, with
no debris or significant morphology changes. From these
images, we can deduce that the nanowire studied is around
200 nm thick and 500 nm wide with a length of 200𝜇m.
Figure 1(e) shows the EDS spectra from the sample ensemble.
From these spectra, the calculated ensemble average compo-
sition is CdS

0.64
Se
0.36

. This is in agreement with the colour
space analysis (Figure 1(b)), considering particle to particle
composition variation and experimental uncertainty.

Both time-resolved and time-integrated luminescence
measurements were taken using the Kerr-gated microscope
[6]. In brief, the microscope is similar to a standard fluores-
cencemicroscope, but between themicroscope objective (36x
magnification, NA = 0.52) and the detector (CCD camera),
two additional objectives and an optical Kerr-gate are placed.
The two additional objectives form a conjugate image plane
at the position of the Kerr medium within the Kerr-gate. The
gate comprises crossed linear polarisers surrounding theKerr
medium, a 0.5mm thick piece of Yttrium aluminium garnet
(YAG). Without the presence of a gate pulse, the crossed
polarisers prevent any light from reaching the detector. Emis-
sion can be detected either through the rotation of the second
polariser (open gate) to measure steady state fluorescence or
through a gate pulse that changes the polarisation state of the
luminescence via the Kerr-effect in the YAG crystal (closed
gate). Therefore, by changing the time delay between the
pump and gating pulses, the emission can be time-resolved as
the polarisation of the light is only changed for luminescence
which overlaps in time with the gate pulse.

The laser system used to power the microscope con-
sists of an output from a commercial Ti:sapphire oscillator
(CoherentMantis) which is amplified in a commercial 10 kHz
amplifier (Coherent Legend Elite) producing 38 fs pulses at
800 nm. Half is used as the gating beam and is focused onto
the YAG crystal, with a spot diameter of ∼200𝜇m.The other
half pumps a homebuilt NOPA which generates 30 fs pulses
at 580 nm which are then frequency-doubled to excite the
sample at 290 nm, with a beam diameter of 80 𝜇m at the
sample position.The all-reflective objectives allow a temporal
resolution below 100 fs and a submicron spatial resolution.

3. Results and Discussion

Figure 2(a) shows an open gate false-colour luminescence
image of the nanowire from Figure 1 under an excita-
tion fluence of 3.5mJ/cm2. At several positions along the
nanowire, there are regions of high emission, as seen by the
yellow colour on the image. Figure 2(b) shows the integrated
intensity from two such positions along the nanowire (the
red and green squares in Figure 2(a)) on a log-log plot
as the fluence is increased from 2 to 6.5mJ/cm2. At first,
there is a nonlinear increase with power, which flattens off
above 4.4mJ/cm2, marked by the dotted line. By fitting the
nonlinear increase to a power law-fit, we see a near cubic
growth in the luminescence intensity with power, which is
higher than that expected for either free electron and hole
or exciton mediated recombination [10]. Using the data from
[11], we estimate an absorption coefficient for CdS

0.8
Se
0.2

at 290 nm of 2 × 104 cm−1 and carrier densities of 5–10 ×
10

19 cm−3. As these densities are above theMott transition for
both CdSe and CdS, at these excitation fluences, the carriers
are predominantly free electron and holes. As the power is
increased further, there is a reduction in the nonlinearity, as
seen by the change in the slope of the integrated intensity at
powers beyond the dotted line in Figure 2(b). This could be
due to either carrier heating or Auger recombination. For the
rest of the paper, we limit our attention to the ASE regime
(fluences <4.5mJ/cm2) and resolve the emission in time.

The Kerr-gate is closed and time-resolved images at
different pump-probe delays are recorded. By integrating the
emission at the location of the green box in Figure 2(a) for
each image, we obtain the emission intensity as a function
of time. Figure 3(a) is a plot of the recorded transients for
two different excitation fluences, 2.2mJ/cm2 (closed grey
markers) and 4.4mJ/cm2 (open blue markers). The low
fluence emission is broad in time and peaks at around 3.5 ps.
At the higher fluence, the emission intensity has increased
and forms a sharp peak at early times (2 ps) with a second
peak at later times. The onset of the emission shifts to
earlier times with increasing power. This is seen clearly in
Figure 3(b), where the dashed grey line plots the onset of the
emission as a function of laser power. The false-colour image
in Figure 3(b) and the solid lines in Figure 3(a) are the results
from the fitting of the data with the ASE model described
below.

The ratemodel forASE, discussed in detail in the previous
work [12], is described by the following first-order nonlinear
coupled differential equations:
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Figure 1: (a) A fluorescence micrograph of the studied CdSSe nanowire on a TEM grid. (b) The results of a colour space analysis of
the micrograph displaying the extracted emission wavelength in nanometers. ((c) and (d)) SEM images of the same nanowire. (e) EDS
measurement for the sample ensemble.
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Figure 2: (a) A time-integrated open gate image displaying the luminescence along thewire in a false-colour scale. (b)The integrated intensity
at two different locations along the wire as a function of excitation fluence on a log-log plot.
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Figure 3: (a) Measured luminescence transients from the nanowire using the Kerr-gated microscope for two different excitation fluences
(markers) and the fits from the ASE model (solid lines). (b) The rising edge of the emission with excitation fluence (dashed grey line) on top
of the false-colour image of the calculated emission using the ASE model.

where 𝑁
1
and 𝑁

2
are the number of carriers in the initially

excited and quasi-relaxed state, respectively, Φ(𝑡) is the
photon field, 𝑉

𝑝
(𝑡) is the Gaussian pump pulse that has an

amplitude 𝐴, 𝐵 is the stimulated emission rate, and 𝛾
𝑟
is

the relaxation rate from 𝑁
1
to 𝑁
2
, while 𝛾

𝑠
, 𝛾
𝑔
, and 𝛾

𝑎
are,

respectively, the Shockley-Read-Hall (SRH), nongeminate,
and Auger rate. The SRH rate provides a measure of the
impurity mediated nonradiative lifetime [13, 14], while the
nongeminate relaxation rate, as shown later on, provides an
insight into electron diffusion within the sample.

The results of themodel above are shownby the solid lines
in Figure 3(a) and the false-colour image in Figure 3(b) (the
fitting parameters are as follows: 𝛾

𝑟
= 2.5 × 10

11 s−1, 𝛾
Φ
=

1.3×10

13 s−1, 𝛾
𝑠
= 2.0×10

−10 s−1, 𝛾
𝑔
= 3.0×10

−7 cm3s−1, and

𝛾

𝑎
= 3.55 × 10

−26 cm6s−1). A global fitting routine was used,
where the only parameter that changed between the high and
low power was the carrier density as given by the increase in
the pump laser fluence. From Figure 3(b), it can be seen that
the model is excellent in reproducing the shift in the onset of
the emission with increasing laser fluence defined as the time
when the signal reaches half of themaximum.Themodel also
fits reasonably well the transients, including the appearance
of a second peak at high fluences (Figure 3(a)). From these
global fits, the extracted Shockley-Read lifetime of 200 ps
is comparable to the measured nonradiative recombination
lifetimes reported for CdSSe nanobelts [15].

The nongeminate rate from these fits is 3 × 10−7 cm3/s.
Following [16], two different regimes exist depending on
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the mobility of the material. In diffusion limited recombi-
nation as found in amorphous semiconductors, V

𝑇
𝜏

𝑆
≪ 𝑟

𝑐
,

where V
𝑇
is the thermal velocity, 𝜏

𝑆
is the scattering time, and

𝑟

𝑐
is the Coulomb radius of an oppositely charged carrier.

For this regime, the system can be modelled within Langevin
recombination [17] where the nongeminate relaxation rate
would provide a measure of the Langevin mobility, 𝜇

𝐿
=

𝜇

𝑒
+𝜇

ℎ
via 𝛾
𝑔
= 𝑒𝜇

𝐿
/𝜖 [18], where 𝜇

𝑒
(𝜇
ℎ
) is the electron (hole)

mobility, 𝜖 is the dielectric constant, and 𝑒 is the electron
charge. For high mobility materials, carrier recombination
is not diffusion limited and V

𝑇
𝜏

𝑆
> (𝑁

𝑟
)

−1/3, where 𝑁
𝑟

is the density of carriers. The nongeminate relaxation rate
is now given by 𝛾

𝑔
= V
𝑇
𝜎 and 𝜎 is the capture cross

section. Assuming that the diffusion limited regime is present
in our undoped ternary alloy nanowires, we calculate a
Langevin mobility of 0.2 cm2/Vs. This value is close to the
electron mobility recorded from field-effect-transistor (FET)
measurements on pure CdS nanowires (1.7 cm2/Vs) [19] but
several orders of magnitude lower than recent time-resolved
terahertz measurements (81.6 cm2/Vs) on CdSSe nanobelts
[15]. Although we do not expect large mobilities in these
nanowires, it is likely that at these high carrier densities the
carriers recombine before they undergo significant phonon,
impurity, or defect scattering, and we do not satisfy the
criteria of being in the diffusion limited regime. It can be
confirmed by a rough approximation, using a scattering
time of 100 fs [20], that at these high carrier densities V

𝑇
𝜏

𝑆

is approximately equal to (𝑁
𝑟
)

−1/3 only when the carrier
temperature is on the order of 10 K. Therefore, on these
ultrafast timescales and high carrier densities achievable with
the Kerr-gated microscope, we can enter the nondiffusion
controlled regime.This regime is inaccessiblewith other tech-
niques that operate at lower densities and longer timescales
for low mobility material systems like CdSSe nanowires. We
would like to note that many of the nanowires drop-cast on
the TEM grids showed similar features as those observed in
Figures 2 and 3. The transients could be reproduced with the
above ASE model using a comparable nongeminate rate as
that measured for this nanowire.

4. Conclusions

Through the study of early luminescence dynamics on ultra-
short timescales, we are able to probe carrier dynamics in
a single CdSSe nanowire. From fitting the observed time-
dynamics of the emission, we are able to extract nonradiative
recombination rate and the nongeminate recombination
constant. From the measurement of the latter, we conclude
that on the short timescales available through the use of
our Kerr-gated microscope, carrier recombination is not
diffusion controlled at high densities even in low mobility
materials.
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