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Exciton and carrier dynamics in ZnTe-Zn1−xMgxTe core-shell nanowires
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We employ time-resolved photoluminescence combined with scanning electron microscopy and modeling
to evaluate the lifetimes of excitons and free carriers in core-shell ZnTe-Zn1−xMgxTe nanowires. We find that
electron tunneling through the shell to the surface controls the decay dynamics. The photoluminescence of single
nanowires reveals contributions from an electron-hole plasma. The analysis of its temporal behavior allows one
to extract the carrier and exciton lifetimes and monitor the cooling dynamics. In particular, we demonstrate that
most of the electrons tunnel out before they cool down or bind into excitons. A semiclassical model allows
us to extract the contributions of tunneling and recombination to the photoluminescence decay. We find that
the recombination time shortens with increasing temperature as a result of an activation of a phonon-assisted
nonradiative process.
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I. INTRODUCTION

The bottom-up assembly of semiconductor nanowires
(NWs) offers a possibility of combining materials, which
would be incompatible in planar growth due to, e.g., excessive
lattice mismatch. One-dimensional (1D) geometry of NWs
allows one to embed either radial or axial nanostructures.
These properties result in a plethora of devices, in which
the NWs could be used. These include light sources such
as lasers [1,2], light emitting diodes [3–5], components for
multicolor displays [6], single photon emitters [7,8], sources
of entangled photon pairs [9,10], and photodetectors [11–13].
Moreover, their large surface-to-volume ratio offers a possibil-
ity of applications as sensors for single molecule detection [14]
and solar cells [15,16]. In order to fulfill this application
potential, detailed knowledge of carrier dynamics is essential.
It was shown that carrier and photoluminescence (PL) lifetimes
in NWs are limited by surface recombination. Fabrication
of a shell around the NW core results in an increase of
the carrier lifetime by several orders of magnitude [17–23].
Passivation of surface states led to the observation of carrier
lifetimes comparable [17,19,21] to or even longer [23] than the
values intrinsic to high quality planar structures. Although the
presence of the shell clearly enhances both the PL intensity and
lifetime, the microscopic mechanism underlying this effect is
not clear. In fact, it was shown that passivated NWs still exhibit
surface-limited lifetimes related to the states at the core-shell
interface [18].

Zinc telluride NWs share many of the potential device
applications of their III-V counterparts. They exhibit a high
photosensitivity [24,25], can be grown by molecular beam
epitaxy using gold droplets as catalysts [26], and reveal an
efficient excitonic photoluminescence [22,27]. CdTe quantum
dots embedded into these NWs emit single photons on
demand [28]. These functionalities can be extended by doping
with transition metal ions and such semimagnetic NWs reveal
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pronounced magnetooptical effects [29–31]. However, little is
known about the dynamical properties of electrons, holes, and
excitons in these nanostructures.

In this report, we evaluate carrier and exciton lifetimes from
studies of the PL decay dynamics of ensembles and individual
core-shell ZnTe-Zn1−xMgxTe NWs. We show that the PL
decay time crucially depends on the shell thickness, which
controls the tunnel escape rate from the core to the surface
states. A simple semiclassical model allows us to reproduce
the observed nonexponential decay dynamics and extract the
exciton recombination times. The decay time is defined as
τ−1
d = τ−1

r + τ−1
t where the radiative lifetime τr � 340 ps is

independent of shell thickness and the tunneling time τt �
10–30 ps for shell thicknesses in the range 12–16 nm. We show
that, as the temperature is incresed, the decays accelerate as a
result of activation of a phonon-assisted nonradiative process.
Furthermore, time-resolved studies of single NWs reveal that
the exciton PL coincides temporally with the recombination
from an electron-hole plasma. Many-body interactions give
rise to a band gap renormalization resulting in a broad
time-integrated spectrum. Decay analysis at various photon
energies allows us to evaluate the lifetime of excitons and
electron-hole plasma and extract its cooling dynamics.

II. SAMPLES AND EXPERIMENT

Core-shell ZnTe-Zn1−xMgxTe NWs are grown in a molec-
ular beam epitaxy chamber by applying a vapor-liquid-solid
(VLS) mechanism [32]. First, a 1-nm thick gold layer is
deposited on a (111)-oriented Si substrate. The layer is then
heated to above 500◦C to form droplets of gold/Si eutectic
about 10 nm in diameter. The droplets act as catalysts for
the VLS axial growth of the core, which takes place at
370◦C–380◦C. To grow the shell in the radial direction, the
temperature is lowered to 300◦C–320◦C.

We investigated six different samples. Five of them form
a series, in which the core is grown for 25 min, while the
Zn1−xMgxTe shell is grown for 0, 2, 4, 6, and 8 min. The Mg
molar fraction x ≈ 0.35 is determined from energy dispersive
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FIG. 1. SEM images of ensembles of as-grown core-shell
ZnTe-Zn1−xMgxTe NWs with R = 9.5 nm core radius and (a)
L = 8 nm (b) and L = 16 nm shell thickness. (c) SEM image of
a single NW with 16-nm shell thickness removed from the ensemble
by sonication.

x-ray diffraction [33]. Additionally, for the studies of single
NWs, another sample is grown, with the ZnTe core grown for
70 min, while the Zn1−xMgxTe shell is grown for 9 min with
x ≈ 0.3. In the following, we label the samples from the series
with their shell thicknesses and refer to the additional sample
as S2.

The morphology of the NWs is examined by scanning
electron microscope (SEM). Figures 1(a) and 1(b) show SEM
images of ensembles of NWs from the 4-min and 8-min
samples, respectively. It is seen that the NWs grow in arbitrary
directions. This is due to an amorphous structure of the
natural SiO2 layer on top of which the gold catalysts are
formed. The NW length reaches 1 μm and the diameter
clearly depends on the shell growth time. To determine the
core radius and shell thicknesses (R and L, respectively), we
perform a survey of about 100 individual NWs from each
of the samples. For the ZnTe core-only NWs, we find that
the average R = 9.5 ± 2.5 nm. Since the exciton Bohr radius
in ZnTe is about 5 nm [34], the confinement effects can be
neglected and we can treat the NWs as a bulk material, albeit
with a characteristic 1D geometry. The average L values for
the 2-, 4-, 6-, and 8-min samples from the series are 3-, 8-,
12-, and 16-nm, respectively. In the case of the S2 sample, the
average thickness of the core-shell NWs, 2R + 2L is 74 nm.
The average NW density is about 25 μm−2.

The continuous wave (cw) photoluminescence (PL) from
the ensemble of NWs is measured in a closed-cycle helium
cryostat. The cw PL is excited at 473 nm by a solid state laser
and detected with a monochromator with a resolution of 0.2 nm
and a CCD camera. For time-resolved photoluminescence
(TRPL) measurements the samples are mounted on a cold-
finger cryostat and excited at 505 nm by the frequency doubled
output of an optical parametric oscillator pumped with a
pulsed Ti:sapphire femtosecond laser with a repetition rate of
80 MHz. Temporal pulse width is about 300 fs. The laser beam
is focused onto a ∼2-μm spot with a microscope objective
corresponding to excitation of about 50 NWs. The emitted
light is collected with the same objective and detected by
a streak camera synchronized with the excitation source. A
single photon counting technique is used and the temporal
resolution of the setup is ∼7 ps. Both the cw and TRPL
measurements are carried out in a temperature range between
5 and 100 K. In order to investigate the PL from a single NW,
we sonicate an as-grown sample in isopropanol to remove the
NWs into a solution, which is then drop cast onto a silicon
wafer. Figure 1(c) shows a typical SEM image of a single NW
from the sample with an average shell thickness of 16 nm. The
image shows that some of the NWs exhibit a tapered shape. In
such a case, L is determined as an average between the base
and top widths.

III. ENSEMBLE PHOTOLUMINESCENCE

We start with showing the influence of the shell thickness
on the PL energy and intensity. Figure 2(a) shows normalized
PL spectra from ensembles of NWs from the sample series.
With increasing the shell thickness, a redshift of the PL
maximum is observed: from 2330 meV for L = 3 nm to
2280 meV for L = 16 nm. This redshift is a manifestation
of the effect of the tensile strain exerted by the Zn1−xMgxTe
shell on the NW core, resulting in a decrease of the ZnTe
band gap [33]. Moreover, with increasing L the PL intensity
strongly increases. In particular, the PL intensity for NWs with
L = 16 nm is more than two orders of magnitude larger than
for NWs with L = 3 nm while ZnTe core-only NWs do not
exhibit any near band gap PL [22]. Such a strong increase of
the PL intensity was also observed for GaAs NWs where the
surface states were passivated with an AlGaAs shell [35,36].

Figure 2(b) shows normalized TRPL traces recorded at 5 K
for the ensembles of NWs with different L. The excitation
fluence for all the traces is 100 μJ/cm2. This relatively high
excitation density is necessary to observe the PL signal from
the samples with thinnest shells and weakest PL intensities.
The transient intensities are obtained by integrating the entire
PL signal, i.e., within an energy window of 140 meV. It is
clear that the PL lifetime increases with L. However, a non-
exponential decay hinders the evaluation of the characteristic
decay time. For L = 16 nm sample, the PL decreases by a
factor of 100 about 440 ps after reaching the maximum. On
the other hand, the temporal width of the TRPL trace for the
two samples with thinnest shells are resolution limited.

Figure 3(a) shows the normalized PL decays measured for
temperatures between 5 and 100 K for the ensemble of NWs
with L = 16 nm. It is seen that the decay rate accelerates with
temperature. At 100 K, the PL intensity decreases by a factor of
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FIG. 2. (a) Normalized PL spectra collected at 5 K from en-
sembles of NWs with various shell thickness ranging from 3 nm to
16 nm. Normalization factors are given on top of each spectrum.
(b) Normalized time-resolved PL traces of the ensembles of NWs
with different shell thicknesses recorded at 5 K.

100 after a delay of only 105 ps. Also, the time-integrated PL
intensity decreases with increasing temperature (not shown).
To get an insight into the mechanisms responsible for the
observed thermal quenching, we analyze the temperature
dependence of cw PL. In Fig. 3(b) we plot the relative PL
intensity I (0)/I (T ) − 1 as a function of inverse temperature.
I (T ) is the temperature-dependent PL intensity, I (0) is its
value extrapolated to 0 K. In order to obtain the activation
energies for the thermal quenching, we fit the data in Fig. 3(b)
with

I (0)

I (T )
− 1 = C1 exp(−E1/kBT ) + C2 exp(−E2/kBT ), (1)

where kB is the Boltzmann constant, E1 and E2 are the
activation energies for two different quenching processes,
C1 and C2 are the corresponding radiative to nonradiative
recombination efficiency ratios. From the fit, we find E1 ≈
1.3 meV and E2 = 27.9 meV. The evaluation of E1 is subject
to significant errors since its influence is seen only in the
narrow temperature range up to about 20 K. Tentatively, we
ascribe the quenching process at low temperatures to a thermal
escape of electrons from NW cores to the surface states.
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FIG. 3. (a) Normalized time-resolved PL decays as a function
of temperature for ensemble of NWs with L = 16 nm. (b) (Points)
Measured, normalized cw PL intensity as a function of inverse
temperature. (Line) Fitted two-step thermal activation model [see
Eq. (1)]. E1 and E2 are the fitted activation energies. (c) (Points)
Temperature dependence of the recombination time evaluated from
(a). (Line) Calculated temperature dependence of the recombination
time taking into account thermal activation of a nonradiative process.
See text for details.

Below, we show arguments supporting this hypothesis. E2

is close to the bulk ZnTe longitudinal optical (LO) phonon
energy, 26.1 meV [37]. Therefore, we interpret E2 as an
activation of nonradiative recombination by the exciton-LO
phonon interaction, dominant at high temperatures.

We now turn to the interpretation of the presented exper-
imental data and elucidation of the processes controlling the
PL dynamics. The results presented above, i.e., shortening
of the PL decay time and ultimately vanishing of the PL
signal with decreasing shell thickness and shortening of the PL
decay time with increasing temperature could be caused by a
band-bending effect. It results from pinning of the Fermi level
at the surface states and leads to a depletion layer inside the NW
core [18,38]. In such a case, the nonradiative recombination
is driven by recombination at the surface or an interface and
its rate is given by τ−1

nrad = 4S/d, where d is the NW diameter
and S denotes surface recombination velocity. The effect of
band bending is slowing down of surface recombination as the
built-in electric field pushes the carriers away from the edge.
Phenomenologically, this effect can be accounted for by taking
S = S0 exp(−φ/(kBT )), where S0 is the flatband value and φ is
the band-bending parameter [39–41]. The presence of a large
density of carriers, e.g., created by an ultrashort laser pulse,
partially screens out the built-in field and results, on one hand,
in a blueshift of the PL, and on the other in an acceleration
of the PL decay due to enhanced surface recombination [42].
In order to check whether band bending could be responsible
for the quenching of the PL and accelerating its decay for
the NWs with thin shells, we investigated the PL dynamics in
a range of excitation fluences between 60 and 270 μJ/cm2.
We found that the decay time is insensitive to the excitation
fluence in this range and that there is no shift of the PL peak
within 0.1 of its linewidth. For this range of fluence, the PL
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FIG. 4. (a) Comparison between ensemble (blue) and single NW (green) time-resolved PL traces. Ensemble PL exhibits a nonexponential
temporal decay. The decay from a single NW is monoexponential. (b) and (c) (Points) Time-resolved PL trace from an ensemble of NWs with
L = 12 nm and L = 16 nm, respectively. (Lines) Fitted PL decay (see text for details). The insets show the respective distributions of the shell
thicknesses L with a fitted Gamma distribution function.

emission intensity is not saturated, which indicates that the
density of photocreated carriers continues to increase, with
increasing fluence. We therefore conclude that band bending
has a negligible influence on the PL properties of these ZnTe
NWs for the range of fluence investigated.

As mentioned above, for an ensemble of NWs a nonexpo-
nential PL decay is observed, precluding the determination of
a PL decay time. In order to understand the PL properties of
the ensemble of NWs and to assess the origin of the effects
presented above, we compare the ensemble PL decay with
that of a single NW. In Fig. 4(a), we show the normalized PL
decays for an NW ensemble and a single NW both from the
S2 sample. The PL decay from an individual NW is clearly
monoexponential and the decay time for this particular NW
is τd = 31 ± 1 ps. We have investigated several individual
NWs and the decay is always monoexponential, with decay
times in the range �5–31 ps. We therefore conclude that
the nonexponential behavior results from the fact that in
the measurements on the NW ensemble, we excite and
collect the PL signal from about 50 NWs. In such a case,
the nonexponential PL decay results from a superposition
of different monoexponential decays from the individual
NWs [43]. In the following, we apply a simple model to show
that the variation of the PL decay time between the NWs
originates from different tunnel escape rates from the core to
the surface states.

We assume that the PL decay contains a contribution from
the recombination, represented by time τr and independent of
the shell thickness, and from carrier tunneling out of the NW
core with time τt strongly dependent on L. Thus, the decay
time is defined as τ−1

d = τ−1
r + τ−1

t . Since the conduction
band offset is about 20% of the total difference between
ZnTe core and Zn1−xMgxTe shell band gaps [44,45], the
barrier height for electrons is four times smaller than for the
holes. Moreover, the electrons are roughly six times lighter
than holes. As a result, the expected tunneling times for
the holes are orders of magnitude longer than for electrons
and in the following we neglect the influence of the holes.
We calculate τt within a quasiclassical approach in which
τt = τsT

−1, where τs is an average time for an electron in
the core to reach the core-shell interface and T is the textbook
transmission coefficient for tunneling through a rectangular

barrier. T = T (Ek,V,L), where Ek is the average electron
kinetic energy and V is the barrier height. To calculate τs , we
take the average distance from the electron to the core-shell
interface equal to R and the in-plane electron velocity ve

related to Ek by ve = √
4Ek/(3me).

The PL intensity is calculated by averaging over all the
contributions from the NW ensemble. For that, we obtain
the distributions of the shell thickness for the investigated
ensembles from SEM analysis of about 100 NWs and fit it with
a Gamma probability distribution function �(L) [see insets to
Figs. 4(b) and 4(c)]. The PL decay is then obtained as [43]

I (t) =
∫ ∞

0
�(L) exp(−t/τd )dL. (2)

I (t) is fitted to the experimental data by adjusting τr , V ,
and Ek . In Figs. 4(b) and 4(c), we show fitting results for
the TRPL traces measured at 5 K for the two samples with the
widest shells. The agreement with the experimental data is very
good and, clearly, our modeling reproduces the nonexponential
character of the measured PL decays. The fitted recombination
times are τr = 320 ± 30 ps and τr = 360 ± 30 ps, for the L =
12 nm and L = 16 nm samples, respectively. These values are
identical within experimental error confirming a posteriori our
assumption that τr is independent of the shell thickness L. A
value of τr � 340 ps is by about a factor of 3 longer than the
value reported for ZnTe epilayers [46,47], demonstrating the
high quality of our samples. Importantly, τr is much longer than
the average tunneling time evaluated with the fitted parameters
for the mean shell thickness: τt = 12 ± 1 ps and τt = 31 ±
3 ps, for the L = 12 nm and L = 16 nm samples, respectively.
This shows that carrier tunneling from the core out to the
surface states is the process limiting the recombination time at
low temperatures.

The fitted values of V for the L = 12 nm and L = 16 nm
samples are, respectively, 148.5 meV and 150.0 meV. These
values should be compared with ZnTe-Zn1−xMgxTe core-shell
conduction band offsets calculated including strain. Following
the model used to evaluate the strain-induced NW band gap
variations [33], and taking the ratio between the conduction
and valence band deformation potentials ac/av ≈ 2 [48,49],
we obtain 137 meV and 144 meV, for the L = 12 nm
and L = 16 nm samples, respectively. This is a rather good
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agreement given the fluctuations of the Mg concentration in
the shell and uncertainty in the precise value of ac. The fitted
kinetic energies are 119 meV and 130 meV, respectively. These
values are comparable to the average initial kinetic energies
the electrons possess at the moment of photoexcitation: E0

k =
EL−Eg

1+m∗
e /m∗

h

, where EL is the excitation energy, Eg is the band
gap, and m∗

e,h are effective masses of electrons and heavy
holes [50]. E0

k = 131 meV and 142 meV, respectively. Such
large values of the fitted Ek suggest that a significant fraction
of electrons tunnels out of the core before cooling down to
the lattice temperature. Below, we provide further arguments
in favor of this conclusion. The small difference between V

and Ek suggest that a thermal escape of electrons should
also be present, as evidenced by the low activation energy
process revealed by temperature-dependent PL measurements
in Fig. 3(b).

Relying on the above analysis, we predict that the PL decay
dynamics from the ensemble of NWs should exhibit a strong
dependence on the excitation energy EL. Since decreasing
EL results in lowering of Ek , one should expect a significant
slowing down of the tunneling and, as a consequence, increase
of the PL lifetime. In particular, for Ek < 130 meV and L =
16 nm, the tunneling times should become longer than the
recombination time, leading to a suppression of the influence
of the tunneling on the PL dynamics and providing access to
the average recombination time only. Our modeling predicts
an even more dramatic acceleration of the PL decay when
increasing EL. For L = 16 nm and Ek = 149 meV, the PL
decay time becomes shorter than our temporal resolution.

The procedure described above allows us to extract the
recombination times from the ensemble PL decays as a
function of temperature by fitting of Eq. (2) to the data from
Fig. 3(a). Fitted τr significantly decreases with increasing
temperature as shown in Fig. 3(c). As noted above, this is due
to an activation of nonradiative recombination. In Fig. 3(c),
we plot the temperature dependence of τr evaluated from the
fits together with a calculated recombination time, where we
include the thermal activation of the phonon-assisted nonradia-
tive recombination. We take τ−1

r = τ−1
rad + τ−1

nrad, where τnrad =
τn0 exp(E2/(kBT )), with E2 obtained previously from cw
studies [see Fig. 3(b)]. The agreement between the computed
curve and the extracted τr is very good, which confirms the
assignment of the phonon-activated process as the dominant
nonradiative recombination mechanism. This agreement also
provides a consistency check for the whole analysis of the
ensemble PL data.

IV. SINGLE NANOWIRE PHOTOLUMINESCENCE

In order to support the conclusions presented above and to
gain further insight into the dynamics of carriers and excitons
in ZnTe NWs, we study the PL dynamics of a single NW
from the S2 sample. The excitation fluence is the same as in
the measurements on the ensembles of NWs discussed above.
Transient PL spectra integrated in 10-ps windows are presented
in Fig. 5(a). The abrupt step at 2420 meV is the absorption of
the edge-pass filter. Within 30 ps after photoexcitation, the PL
spectrum is broad with full width half maximum (FWHM)
≈40 meV. Remarkably, the PL emission band extends from
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FIG. 5. (a) Transient single NW PL intensity integrated in 10-ps windows. The arrow marks the NW band gap. For better visibility, the
spectra were smoothed with a fast Fourier transform filter. Red thick lines denote fitted high energy slope (see text for details). (b) (Points)
Single NW PL decay traces for different photon energies. (Lines) Corresponding monoexponential fits. Scattered points at long delays are
due to background noise. (c) The photon energy dependence of the PL decay times (points) superimposed on a time-integrated PL spectrum
(line). (d) (Points) Fitted slope of the high energy part of the PL spectrum as a function of the time delay after photoexcitation. (Line) A
monoexponential fit with a decay time of 14 ps. (e) Evaluation of the BGR. Thick lines denote transient PL spectra for 30 ps (red) and 110 ps
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F ). See text for details.
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about 2300 meV to about 2500 meV, well above the strained
NW band gap at 2382 meV, marked by an arrow in Fig. 5(a).
With increasing time delay, the PL spectrum narrows, redshifts,
and its high energy slope decreases. After about 150 ps
after excitation, the spectrum collapses into a single peak at
2369 meV with a FWHM ≈ 20 meV. Figure 5(b) presents
PL decays at different photon energies. All time traces are
monoexponential. Clearly, the high and low-energy PL wings
decay faster than the main peak. This is confirmed in Fig. 5(c)
where we plot the fitted decay times as a function of the photon
energy superimposed on the time-integrated PL spectrum.
Notably, the decay times for the high- and low-energy PL
wings are similar and equal to 10–20 ps.

Transient spectra presented in Fig. 5(a) allow us to trace
the PL evolution from an early stage with a very high
carrier density to low densities at large time delays. Since the
excitation pulse has a duration of only 300 fs, the initial carrier
density can be higher than the Mott density of ∼ 1017 cm−3

resulting in the presence of a degenerate electron-hole plasma
(EHP). Such large carrier densities lead to screening of the
Coulomb interaction resulting in lowering of the exciton
binding energy and, eventually, their disappearance. Simul-
taneously, exchange interaction and electron-hole correlation
result in band gap renormalization (BGR)—carrier-density-
dependent redshift of the energy gap [51,52]. Observation of
a broad PL band at early delays was previously observed for
InP and GaAs NWs and interpreted as EHP recombination
accompanied by renormalization of the band gap [17,53]. In
the degenerate case, the low-energy edge of the PL spectrum
marks the relative energy of the renormalized gap, while the
high-energy edge results from the sum of electron and hole
quasi-Fermi levels. With increasing time delay, carrier density
decreases and, consequently, the excitons are established.

The results presented in Fig. 5(a) reveal that at early delays
the exciton resonance is smeared out consistent with the
recombination from an EHP. A well-resolved exciton peak at
2369 meV appears after a delay of about 100 ps. Nevertheless,
this peak coexists with the high- and low-energy wings
demonstrating that the excitons coexist with free electron-hole
pairs. Notably, the exciton peak energy does not shift as
the screening and BGR practically compensate each other as
predicted by theory [54].

The discussion above allows us to interpret the high- and
low-energy PL wings as recombination of free electrons and
holes and determine the carrier lifetime. As seen in Fig. 5(c),
the decay time of the high energy wing is about twice shorter
than decay at low energy. This is due to carrier cooling,
which results in a decreasing slope of the high energy part
of the EHP spectrum. Therefore, we evaluate the carrier
lifetime from the low-energy PL wing and obtain a value of
about 20 ps. The cooling dynamics can be obtained from the
analysis of the temporal dependence of the high-energy slope.
This slope is related to carrier temperature since the EHP
spectrum I (E) ∝ ρeh(E)fe(E)fh(E), where ρeh(E) is the joint
electron-hole density of states and fe,h are Fermi distribution
functions for electrons and holes. For quasi-2D quantum wells,
where ρeh(E) is a constant, I (E) ∝ exp(−(E − Eg)/(kBTc)),
where Eg is the band gap energy. Thus, the high energy slope
gives an estimate of the carrier temperature Tc, which is within
50% of the value obtained using more complex lineshape

models [55]. In the present case of bulklike NWs, the situation
is more complicated since ρeh(E) is not constant. Simple
models of EHP utilize an energy-dependent prefactor and
I (E) ∝ (E − Eg)α exp(−(E − Eg)/(kBTc)) with α between
1 and 2. Since precise determination of carrier temperature
is beyond the scope of this work, we analyze only the slope
Es , i.e., we fit the high-energy part of the PL spectrum with
I (E) ∝ exp(−E/Es) and determine the cooling time from Es

temporal dependence. The result is presented in Fig. 5(d),
where Es is plotted as a function of time delay together with
a monoexponential fit. In this way, we obtain the cooling time
of about 14 ps. The observed cooling dynamics are almost
identical to those reported for ZnTe epilayers [46].

The obtained carrier lifetime comprises contributions from
electron-hole recombination, exciton formation (at longer
delays, below the Mott transition), cooling, and electron
tunneling. Since the single NW measurements were performed
on the S2 sample, we cannot directly compare these results
to the ensemble analysis presented in Fig. 4. However, the
PL dynamics of the ensemble of NW from the S2 sample
[Fig. 4(a)] resembles the PL dynamics of the L = 12 nm
sample [shown in Fig. 4(b)]. Since, as argued above, the
tunneling through the shell controls the decay dynamics, we
infer that the tunneling times in the S2 sample are similar to the
L = 12 nm sample. Since the excitation powers used for both
measurements are the same, this allows us to assume that the
evaluated carrier lifetimes from the single NW spectroscopy
are comparable to those in the sample with L = 12 nm. Taking
the distribution shown in the inset to Fig. 4(b), we evaluate the
corresponding tunneling times for three values of L from this
ensemble. For narrowest shells with L = 7 nm, we obtain
τt = 0.6 ps, for average L = 12 nm, τt = 12 ps, and for the
widest L = 17 nm, τt = 245 ps. These values compared with
the carrier lifetime and cooling time evaluated from Fig. 5(c)
show that the electron tunneling from more than half of the
NWs in this ensemble occurs before the carriers cool down
or decay either radiatively or by exciton formation. This
conclusion is consistent with the fitting presented in Fig. 4,
where relatively high values of electron kinetic energies were
obtained.

The analysis of the single NW PL shown in Fig. 5 allows
one to evaluate the exciton lifetime by fitting the decay at
the exciton energy of 2369 meV—see Figs. 5(b) and 5(c).
We obtain a value of about 40 ps, which is an order of
magnitude shorter than the recombination time obtained from
fitting of the ensemble data in Fig. 4. This is due to the fact
that electron tunneling takes place also from the exciton state,
where the Coulomb attraction increases the tunneling barrier
by the exciton binding energy of 13 meV [56]. Therefore, we
interpret the fitted value of V as an effective barrier height
comprising both the conduction band offset of about 140 meV
and the exciton binding energy.

In order to obtain reliable information on carrier density and
the resulting band gap shrinkage due to BGR, an analysis of
the entire PL spectrum is required [54,55], in particular taking
into account the plasma temperature [57]. These issues are
beyond the scope of this work, so here we employ a simplified
approach applied to studies of BGR on single NWs [17,53].
For a delay of 30 ps, we determine the band gap shift from the
low-energy wing of the PL spectrum comparing it to the lower
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edge of the exciton emission line seen at a delay of 110 ps,
when the excitons are clearly stable and negligible free carrier
PL is observed—see Fig. 5(e). We find a BGR induced shift
�BGR ≈ 45 meV—see the left pointing arrow in Fig. 5(e). To
estimate a carrier density n which would lead to BGR of such a
magnitude, we use an expression for BGR given by Vashishta
and Kalia [51]: �BGR = (−4.8316 − 5.0879rs)/(0.0152 +
3.0426rs + r2

s )EB , where r3
s = 4/3πa3

Bn, and aB = 5.6 nm
and EB = 13 meV are the bulk ZnTe exciton Bohr ra-
dius [34] and exciton binding energy [56], respectively. We find
n ≈ 5.5 × 1018 cm−3. The corresponding sum of zero-
temperature quasi-Fermi levels for electrons and holes is
230 meV. This value agrees very well with the total extent of
the PL spectrum as extrapolated beyond the filter edge—see
the right pointing arrow in Fig. 5(e). Therefore, we conclude
that the BGR and the quasi-Fermi levels are consistent with the
evaluated electron-hole density 30 ps after photoexcitation. It
is seen in Fig. 5(a) that as the time delay increases, both the
low-energy PL wing, i.e., the BGR shift and the total width
of the PL spectrum, i.e., the quasi-Fermi energies decrease
due to decreasing density of free carriers. This analysis shows
that shortly after photoexcitation the carrier gas in the NW is
indeed in the degenerate limit, above the Mott transition.

V. CONCLUSIONS

In summary, we have studied the PL dynamics of ensembles
and single core-shell ZnTe-Zn1−xMgxTe NWs. Our results

show that tunneling of electrons out of the core controls the
PL decay time. Thus, the growth of thicker shells result in
higher PL intensities and longer PL lifetimes. Our modeling
of the ensemble PL decay, based on the data from SEM
analysis, allows us to extract the exciton recombination time.
We find that low-temperature recombination time is about
300 ps, roughly a factor of 3 longer than reported previously for
epilayers. Its temperature dependence reveals that nonradiative
recombination processes are LO-phonon assisted. Comparison
of the ensemble PL dynamics with studies of individual NWs
shows that early after photoexcitation the presence of an
electron-hole plasma leads to band gap renormalization. We
find that most of the electrons tunnel out before they cool down
or bind into excitons. Analysis of the spectral dependence of
the decay dynamics allows one to evaluate the carrier lifetime
of about 20 ps—a value limited by electron tunneling and
containing contributions from electron-hole recombination
and exciton formation.
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