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ABSTRACT: We have investigated the dynamics of hot
charge carriers in InP nanowire ensembles containing a range
of densities of zinc-blende inclusions along the otherwise
wurtzite nanowires. From time-dependent photoluminescence
spectra, we extract the temperature of the charge carriers as a
function of time after nonresonant excitation. We ﬁnd that
charge-carrier temperature initially decreases rapidly with time
in accordance with eﬃcient heat transfer to lattice vibrations.
However, cooling rates are subsequently slowed and are
signiﬁcantly lower for nanowires containing a higher density of
stacking faults. We conclude that the transfer of charges across the type II interface is followed by release of additional energy to
the lattice, which raises the phonon bath temperature above equilibrium and impedes the carrier cooling occurring through
interaction with such phonons. These results demonstrate that type II heterointerfaces in semiconductor nanowires can sustain a
hot charge-carrier distribution over an extended time period. In photovoltaic applications, such heterointerfaces may hence both
reduce recombination rates and limit energy losses by allowing hot-carrier harvesting.
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photoluminescence (PL) recombination rate observed in the
nanowires because of restrictions imposed by momentum and
energy conservation in semiconductors.13−15
Carrier cooling in semiconductors has been extensively
studied both in the bulk and in nanostructures.17−21 A
thorough investigation of the dynamics of carrier cooling is
known to be crucial for the design of various optoelectronic
devices. For example, carrier cooling controls and competes
with other processes such as multiexciton generation and hotcarrier extraction in hybrid organic photovoltaics and hence
aﬀects device eﬃciencies.21−23 It has been shown that,
following nonresonant excitation, hot-carrier cooling is initially
dominated by the emission of longitudinal optical phonons. As
the carrier temperature approaches the lattice temperature,
subsequent energy relaxation occurs more slowly through
interactions with acoustic phonons. At high injection density
situations, the ﬁlling of nonequilibrium acoustic phonon states
can further reduce the carrier cooling rate, a phenomenon
referred to as the “acoustic phonon bottleneck”.18,24,25
Similarly, the occurrence of charge transfer at type II
semiconductor heterojunctions ought to be associated with a

he successful incorporation of III−V semiconductor
nanowires (NWs) into optoelectronic and photovoltaic
devices as both elements and interconnects has sparked intense
interest in the nature of charge carrier dynamics in such
nanostructured materials.1−3 In particular, InP NWs are
promising for applications ranging from high-speed optoelectronic devices4 to photovoltaic cells,5,6 and sensitive photodetectors.3 It has been shown that the crystal structure of InP
NWs can be formed preferentially in either the zinc-blende
(ZB)7,8 or wurtzite (WZ) phase,9,10 depending on the growth
conditions. Moreover, the existence of a polytypic phase due to
stacking faults along the growth axis of nanowires has been
demonstrated recently to have signiﬁcant implication for the
band alignment and electronic transitions.11−14 Both theoretical15 and experimental results14,16 have demonstrated that the
band gap energy of InP diﬀers by ≈80 meV between the WZ
and ZB crystal structures and that staggered type II band
alignment is formed at their interface, with the conduction band
minimum and the valence band maximum in ZB respectively
located ≈129 and ≈45 meV below those in WZ. Recent optical
studies further show that for nanowires with predominant WZ
crystal structure a short ZB layer sandwiched between two WZ
segments can form a quantum well (QW), for which the
subband energy depends on the thickness of the ZB
segments.11,13,14,16 The spatial separation of holes in the WZ
phase and electrons in the QWs further reduces the
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transfer of excess energy to the lattice and the electronic
system. However, no systematic study has so far been
performed to investigate how such additional energy release
aﬀects the intraband energy-loss rate of hot carriers in
semiconducting nanowires.
In this Letter, we provide direct evidence that the presence of
type II heterojunctions reduces the charge-carrier cooling rate
in semiconductor nanowires. We investigated the charge-carrier
dynamics in InP nanowire ensembles containing a range of
densities of stacking faults that result in staggered (type II)
band oﬀsets along the growth axis of the nanowires. Analysis of
PL emission maps shows that the presence of WZ−ZB type II
interfaces in InP nanowires can be deduced from the
occurrence of broader spectral features that increasingly shift
toward WZ emission as the excitation ﬂuence is increased. We
demonstrate that an increasing density of such interfaces in a
nanowire will induce faster PL emission quenching, which is
hence dominated by the rate of charge transfer across
interfaces. We ﬁnd that such dynamics of charge transfer
across WZ−ZB interfaces exhibit strong correlation with the
time-dependent rates with which intraband charge carrier
cooling occurs. Following nonresonant excitation, the temperature of charge carriers, as extracted from the high-energy tail of
the time-dependent PL spectra, is found to decrease with time
in accordance with rapid charge carrier cooling. However, the
cooling rates are signiﬁcantly lower for nanowires containing a
higher density of stacking faults. We conclude that the transfer
of charges across the type II interface releases additional energy
to the lattice, which raises the phonon bath temperature above
equilibrium and impedes the carrier cooling occurring through
interaction with longitudinal optical phonons. These results
demonstrate that type II heterointerfaces in semiconductor
nanowires can allow for a hot charge-carrier distribution to be
maintained over an extended time period. Such excess energy
can potentially be harvested when these nanowires are
embedded in an organic matrix, thus lowering the energy
threshold requirements for charge transfer in hybrid photovoltaic materials.
The InP nanowires used in this study were fabricated on
poly(L-lysine)-treated InP (111)B substrates using a metal−
organic chemical vapor deposition (MOCVD) technique. Four
sets of nanowires were fabricated whose diameters were
controlled by the size of the colloidal Au nanoparticles (20,
30, 50, or 80 nm) acting as catalyst. The nanowires were grown
at a pressure of 100 mbar and a total gas ﬂow rate of 15 SLM.
Growth was performed at 420 °C for 20 min using
trimethylindium and phosphine precursors with a V/III ratio
of 700. Field emission scanning electron microscopy (FESEM)
was carried out using a Hitachi S4300 FESEM at an
accelerating voltage of 5 kV. For transmission electron
microscopy (TEM) investigations, nanowires were ﬁrst
mechanically transferred to holey carbon grids. TEM was
performed using a Phillips CM300 TEM operated at 300 kV. At
least ﬁve nanowires were examined from each sample.
Nanowires were examined for crystal structure and stacking
faults over their entire length. Figure 1a shows a representative
SEM image of nanowires and Figure 1b a high-resolution TEM
image. While the crystal structure of the nanowires is
predominantly WZ, a considerably high volume fraction of
ZB can be clearly identiﬁed from the TEM image. This suggests
the presence of a high density of stacking faults in the
nanowires.11,13,14 We ﬁnd that the ZB sections vary in thickness
up to several bilayers, and they are unevenly distributed along

Figure 1. (a) Scanning electron microscopy image of InP nanowires of
50 nm average diameter, as-grown on InP substrates at a tilt of 40°.
Scale bar is 1 μm. (b) High-resolution transmission electron
microscopy image of a typical InP nanowire from the 50 nm diameter
ensemble, featuring predominantly WZ structure with stacking faults.
Arrows indicate disruption in the stacking sequences, i.e., polytypic
transitions between WZ and ZB. (c) The approximate corresponding
band diagram at room temperature. The band diagram was
constructed from published experimental and theoretical data for
band gaps and band oﬀsets.14−16

the growth axis of the nanowires. Furthermore, the nanowires
exhibit sizable tapering, as seen in the SEM image. We therefore
estimate the cross section of the nanowires from the SEM by
averaging over the length of nanowires. We ﬁnd that the
nanowires exhibit very similar standard deviation of their
diameter distribution (see Supporting Information). The
average diameters of the nanowire ensembles were ⟨d⟩ of 50,
85, 135, and 160 nm for nanowires growth seeded by Au
colloids with diameter of 20, 30, 50, and 80 nm, respectively.
Hereafter, we refer to, for example, the nanowire ensemble with
⟨d⟩ of 50 nm as 50 nm-NWs. To eliminate the otherwise
dominant photoluminescence and photoconductivity signals
that would originate from the InP substrate, nanowires were
subsequently transferred onto z-cut quartz substrates by gently
rubbing the two substrate together resulting in nanowires that
lie ﬂat on the quartz substrate.
Figure 1c illustrates the band diagram to be expected along
the axis of a sample nanowire, given the known band gaps and
oﬀsets for InP with ZB and WZ structure. The type II band
alignment across the WZ−ZB heterojunctions results in
favorable formation of spatially localized photoexcited electrons
in the ZB and holes in the WZ segments.13−16,26 Here, WZ−
ZB−WZ sequences can deﬁne quantum wells (QWs) for
electrons with the conﬁnement energy varying with the
thickness of the ZB segment.11,13,14,16 Low-temperature PL
measurements have revealed that the emission arising from the
spatially separated electron−hole pairs is energetically below
the WZ gap and long-lived as a result of restrictions imposed by
B
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arise from an uneven distribution of ZB segment widths in the
nanowires, which results in a distribution of quantum conﬁned
states (see Supporting Information).11,13,14,16 With increasing
excitation density, the spectra narrow and shift to center at the
WZ band edge; i.e., the emission originates predominantly from
the WZ segments of the wires. Since these segments are
relatively long according to TEM images (see Figure 1b), there
is comparatively little spectral broadening associated with the
emission from the WZ phase, and the emission spectra
consequently become narrower. It should be noted that the
quantum conﬁnement induced by the diameter of these
nanowires is negligible,15 and hence the tapering observed
along the growth axis of the nanowires is unlikely to give any
signiﬁcant PL spectral broadening. There are two possible
scenarios which may explain the gradual shift with increasing
ﬂuence in the preferential emission from spatially separated
electron−hole pairs to that originating from just the WZ
segments. First, as the density of injected charge carriers
increases, superlinear bimolecular recombination27 in the WZ
phase will lead to enhanced photon emission rates. In contrast,
the competing process of electron transfer from WZ to ZB
segments is only proportional to the electron density and
therefore scales linearly with excitation ﬂuence. As a result,
recombination processes in WZ will at high ﬂuence increasingly
dominate over charge-transfer processes into ZB segments, and
the emission spectra will acquire the signature of the WZ phase.
A second explanation for these eﬀects could be that saturation
of states available in the ZB segments results in an
enhancement of WZ emission for high ﬂuences as this may
result in lowered electron transfer from WZ into ZB segments.
However, we show below that this is not in fact observed in
time-resolved studies, leaving the ﬁrst explanation as the most
likely.
Given that these NW emission spectra are clearly inﬂuenced
by the presence of stacking faults, it will be useful to compare
spectra recorded at similar excitation ﬂuences for the 50 nmNW and 160 nm-NW ensembles. Figure 2c shows individual
normalized PL spectra for both nanowire sets, for two extreme
charge carrier injection densities of 1 × 1016 and 1.4 × 1018
cm−3. From these sample spectra, and the full density maps
(Figure 2a,b), it is apparent that the emission line width for a
given excitation ﬂuence is broader for the 50 nm-InP NWs than
for the 160 nm-InP NWs throughout all injection densities. We
hence conclude that the 50 nm-InP NWs contain a higher
density of stacking faults than the 160 nm-InP NWs. This
ﬁnding also agrees with the fact that at the highest ﬂuences
explored the emission peak for the 50 nm-InP NWs still
remains red-shifted from the band gap of WZ (Figure 2a). The
two nanowire ensembles therefore not only diﬀer in average
nanowire diameters but also in the density of stacking faults
present. An equivalent analysis of the spectral maps collected
from 85 nm-NW and 135 nm-NW ensembles (see Supporting
Information) shows that again the former supports a higher
defect density than the latter. As we show below, there is a clear
inverse correlation between nanowire diameter and induced
stacking fault density, which may arise from the diﬀerential
dynamics of growth induced by the size of the Au nanoparticles
employed in this study.
To establish the inﬂuence of stacking-fault density on the
charge carrier dynamics occurring at such interfaces, we use a
combined set of time-resolved photoluminescence and THz
conductivity probes. While photoluminescence measurements27,28 are sensitive to electron−hole recombination and

momentum and energy conservation in bulk semiconductors.13−15
To examine the emission arising from such spatially
separated electron−hole pairs in the InP nanowires, we
conducted time-integrated PL (TIPL) emission measurements
at a substrate temperature of 77 K. Figure 2a,b displays the

Figure 2. TIPL spectra maps taken at 77 K for (a) 50 nm-InP NWs
and (b) 160 nm-InP NWs showing the intensity (on a linear false
color scale) as a function of initial charge injection density (horizontal
scale) and emission energy (vertical scale). For clarity, all spectra were
normalized to their maximum intensity. The dotted and dashed lines
indicate the bandgap energy of the WZ phase Eg(WZ) and the ZB
phase Eg(ZB) at 77 K, respectively. (c) Individual TIPL spectra for 50
nm-InP NWs (dashed and dotted lines) and 160 nm-InP NWs (circles
and diamonds), displaying the evolution of the PL spectra as the
initially injected charge carrier density is increased from 1 × 1016 to 1.4
× 1018 cm−3. Corresponding data for 85 nm-InP NWs and 135 nmInP NWs are shown in the Supporting Information.

false-color image spectral maps for 50 nm-InP NWs and 160
nm-InP NWs, respectively, where the vertical and horizontal
axes respectively show the emission energy and the excitation
density (on a logarithmic scale). The false-color image spectral
maps for nanowires with ⟨d⟩ of 85 and 135 nm are shown in
the Supporting Information. For low excitation densities,
spectra are broad and emission energies located between the
WZ and ZB band edges. The broad, low-energy spectra
recorded for low ﬂuence are consistent with emission
originating from spatially separated electron−hole pairs with
electrons and holes located in the ZB and WZ segments of the
nanowires, respectively.13,14 The broad spectral line width may
C
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at which PLUC data was recorded, 0.7 × 1018 and 1.4 × 1018
cm−3, no diﬀerences in decay dynamics are discernible.
However, clear changes in PL decay lifetime are apparent for
the two ensembles with diﬀerent nanowire diameters. While the
time taken for the emission to decay to 1/e of its initial value is
42 ps for 160 nm-InP NWs, this decreases further to 21 ps for
the 50 nm-InP NWs sample. We can rule out the possibility of
signiﬁcant Auger recombination occurring in our nanowires
under the injection densities used here. This is because such
processes are rather slow and ineﬃcient in bulk semiconductors
due to energy and momentum conservation requirements.20,34
Even in quantum dots, where such restrictions are lifted,
noticeable Auger recombination only occurs at charge densities
that are over an order of magnitude higher than those
employed here.20,35 Since the PL intensity is proportional to
the product of the electron and hole density distribution at the
same k space, and since OPTP measurements indicate that the
electron density appears fairly constant over the ﬁrst hundred
picoseconds, we conclude that the rapid PL decay is
attributable to the rate of spatial electron−hole pair separation.
Here, the presence of an energetic oﬀset across the WZ−ZB
type II heterojunction provides eﬃcient channels for electron
injection from the conduction band of WZ into the
energetically lower-lying electronic states of ZB in the
nanowires. These ﬁndings are in agreement with our earlier
discussion of the time-integrated PL spectra which revealed that
the 50 nm-InP NW ensemble contains a higher density of
stacking faults, and therefore higher initial charge transfer rates
across these heterointerfaces ought to be expected. We note
that the observed PL emission decay is nonexponential (see
inset Figure 3). This is expected as WZ segments have a
distribution of lengths and electron−hole pairs are photogenerated at a range of distances away from interfaces with ZB
segments. There will therefore be a distribution of times taken
for electrons to diﬀuse within WZ segments to an interface at
which electron transfer will occur, giving a time-dependent
charge transfer rate. The relative independence of the observed
PL decay rates on excitation ﬂuence further suggests that even
at the high injection densities employed here (1018 cm−3)
electron states available in ZB segments remain highly
unsaturated, leaving the PL decay lifetimes unchanged over
the excitation density used in this study. In summary, these
spectroscopic investigations reveal that the PL emission decay
is dominated by the transfer rate of charges across the type II
interface, with 50 nm-InP NWs showing approximately twice
the charge transfer rate of that observed for 160 nm-InP NWs,
attributable to the higher density of such heterojunctions
present in the 50 nm-InP NW ensemble.
We subsequently performed time-resolved PL spectral
measurements at room temperature in order to assess how
the presence of stacking faults in such nanowires aﬀects the
charge carrier cooling rates following nonresonant injection.
Figure 4a shows representative transient PL spectra of 50 nmInP NWs measured at diﬀerent time delays at a charge injection
density of 1.4 × 1018 cm−3. Charge carrier relaxation and
cooling in inorganic semiconductors is known to evolve
through a multitude of processes with a wide range of
associated time scales.17−21 Nonresonant excitation will initially
generate a nonequilibrium distribution of free charge carriers,
whose rapid intraband relaxation will subsequently result in a
thermalized Maxwell distribution characterized by a carrier
temperature Tc.17,36 For the InP NWs, Figure 4a shows that the
PL spectra center near the bandgap of the WZ phase within 300

hence the density of both species, terahertz conductivity
spectroscopy29 is sensitive to charge carriers with high mobility,
i.e., only the electrons in InP.30 Combining the two techniques
therefore enables us to separate charge transfer dynamics
occurring across the type II interfaces from pure charge
recombination eﬀects. Measurements were conducted at room
temperature (300 K) as it is essential to examine the ultrafast
carrier dynamics as they would occur in practical nanodevices.
Full details of both the transient PL up-conversion setup
(PLUC) and the optical-pump terahertz-probe (OPTP)
experiment are provided in refs 30 and 31 and in the
Supporting Information. For PLUC, nanowires were excited
nonresonantly at a photon energy of 1.68 eV and the PL
emission monitored near the bandgap energy of the WZ phase
(1.43 eV at room temperature) with a temporal resolution of
200 fs. For OPTP, excitation was also nonresonant (1.55 eV),
and similar excitation ﬂuence to that employed for PLUC was
used. For ease of discussion, we again focus here on the two
nanowire sets with extreme diameters and stacking fault
densities, i.e., 50 nm-InP NWs and 160 nm-InP NWs. Matching
data for 85 nm-NW and 135 nm-NW ensembles are provided
in the Supporting Information, which shows analogous trends
and will be included in a comparative discussion further below.
Figure 3 shows that the photoinduced conductivity of InP
NWs measured using OPTP has a decay lifetime in excess of 1

Figure 3. Transient photoluminescence (PL) and photoconductivity
(PC) decays of InP NWs measured at 300 K as a function of time after
excitation. For transient PL measurements, the nanowires were excited
at a photon energy of 1.68 eV with pulse ﬂuences generating an
initially injected charge carrier density of 1.4 × 1018 cm−3 (empty
symbols) and 0.7 × 1018 cm−3 (solid symbols). The PL emission was
detected at the energy corresponding to the bandgap of the WZ phase
(1.44 eV). For photoconductivity measurements, the samples were
excited at a photon energy of 1.55 eV with initial charge carrier
injection of 1.4 × 1018 cm−3. The inset shows the same data over an
extended time range of over 1000 ps and on a logarithmic y-axis scale.

ns and exhibits negligible dependence on the average nanowire
diameter. For InP nanowires, the photoconductivity is
dominated by the electron density as the eﬀective mass of
electrons is signiﬁcantly smaller than that of holes in InP.32 As
demonstrated in a recent study, such long-lived electron
lifetime is indicative of an ultralow surface recombination
velocity in InP nanowires.30,33 In contrast, the PL emission
dynamics from WZ phases observed for the same two sets of
nanowires (Figure 3) exhibits rapid quenching within the 200
ps observation window. For the two photoexcitation densities
D
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the high-energy slope of the PL spectra with delay time, we ﬁnd
that the carrier temperature decreases rapidly following
photoexcitation, which reﬂects the interaction dynamics of
charge carriers with phonon modes, as discussed in more detail
below. We ﬁnd that by increasing the excitation density the
carrier temperature at time delay >10 ps also increases, which
suggests the buildup of a nonequilibrium phonon population, as
generally observed in other bulk semiconductors18,24,25 at
excitation densities in excess of 1018 cm−3. Interestingly, we ﬁnd
that the Tc at longer time delays is always higher in 50 nm-InP
NWs than in 160 nm-InP NWs, even at the lowest excitation
density employed. In particular, we ﬁnd that over the ﬁrst 40 ps
the carrier temperature only approaches the lattice temperature
(300 K) for the 160 nm-InP NW ensemble at the lowest
ﬂuences but stays appreciably above it for the 50 nm-InP NWs
and higher charge injection densities.
In order to illustrate better the mechanisms of chargephonon interactions that underlie charge carrier cooling, we
may convert the temporal evolution of Tc into a hot-carrier
energy loss rate Jc = (d/dt)(3kbTc/2). The inset of Figure 4b
displays Jc as a function of carrier temperature, as extracted
through numerical diﬀerentiation of the data shown in Figure
4b. We ﬁnd that the initial energy loss rate is approximately 0.2
eV/ps for both nanowire ensembles and independent of the
injection density. However, as the carrier temperature is
reduced to ≈750 K, a sharp decrease in energy loss rates
over several orders of magnitude is observed, which hampers
further charge cooling. Such cooling behavior is similar to that
observed in bulk semiconductors.17,18 Here, the initial rapid
cooling is attributed to the strong carrier coupling to LO
phonons which establishes a thermal equilibrium between the
LO-phonon population and the electron−hole plasma. The
initial cooling rate is therefore expected to be relatively
independent of excitation density,18 as observed in the inset
of Figure 4b. The subsequent, slower cooling of the plasma is
determined by establishment of thermal equilibrium between
LO phonons and acoustic phonons. The time scale for this
process is determined by the anharmonic decay of zone-center
LO phonons into two counterpropagating acoustic phonons,
which occurs on the picosecond time scale in InP.38,39
However, it has been shown that such phonon interconversion
can be hampered by heating of the acoustic phonon bath, e.g.,
through use of high excitation ﬂuences,40 which results in an
acoustic phonon temperature Ta that is signiﬁcantly elevated
with respect to the lattice temperature. The resulting slowdown
of LO phonon decay from this “acoustic phonon bottleneck”
will then aﬀect further charge carrier cooling by rendering
interactions between LO phonons and hot charge carriers less
eﬀective. In essence, the temperature at which the energy loss
rate declines steeply is corresponding to the point at which the
acoustic phonon bath temperature Ta becomes close to the
carrier temperature Tc and the acoustic-phonon bottleneck is
reached.17,18,20,24,25 Figure 4b shows that the acoustic-phonon
bath temperature established within the ﬁrst few picoseconds
after excitation is hence considerably higher (≈600 K) for the
50 nm-InP NWs sample compared with that for the 160 nmInP NWs (≈450 K) at the lowest injection density. Therefore,
while the overall scenario is in accordance with an acousticphonon bottleneck limiting the charge carrier cooling in these
nanowires, there is clear variation between the two nanowire
ensembles in terms of the extent of such eﬀects.
To display the general trends of charge carrier cooling with
stacking fault density, Figure 5 shows collated data extracted

Figure 4. (a) Transient PL spectra of 50 nm-InP NWs measured at
diﬀerent time delays after photoexcitation generating a charge density
of 1.4 × 1018 cm−3 at 300 K. The inset shows an example of an
exponential ﬁt (line) to the high-energy tail of the PL spectrum (dots)
measured at time delay of 1.5 ps after the excitation. (b) The carrier
temperature plotted as a function of time delay for 50 nm-InP NWs
(circle) and 160 nm-InP NWs (diamond). The inset shows the energy
loss rate of hot carriers (Jc) plotted as a function of carrier temperature
Tc, extracted from the cooling curves in (b) for 50 nm-NWs (circle)
and 160 nm-NWs (diamond) through numeric diﬀerentiation. The
solid and empty symbols show the energy loss rate obtained at initial
charge carrier densities of 0.7 × 1018 and 1.4 × 1018 cm−3, respectively.
The solid lines are guides to the eye.

fs, which is matched by the rapid rise in transient PL intensity
probed at the WZ band edge, as shown in Figure 3. These data
demonstrate that, as expected, hot-carrier thermalization occurs
on a time scale that is shorter than the temporal resolution of
the measurement setup (≈200 fs). The subsequent cooling of
this charge carrier distribution can be observed experimentally
by analysis of the high-energy edge of the NW PL spectra,
which is directly linked to the temperature of the hot-carrier
distribution. The observed exponential dependence of this
high-energy tail on photon energy (Figure 4a) conﬁrms that
carriers can be characterized by a Fermi−Dirac distribution
with common temperature Tc, which can be well approximated
by a Maxwell distribution.17,36,37 Hence we can extract Tc by
ﬁtting the high-energy edge of the spectra with n ≈ n0
exp(−ℏω/kbTc), as illustrated in the inset of Figure 4a, where
kb is the Boltzmann’s constant, ℏω is the photon energy, and n
is the carrier density.
Figure 4b plots the evolution of the carrier temperature
extracted in this manner for both nanowires at diﬀerent
excitation densities. As reﬂected by the progressive increase of
E
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nanostructures is mainly controlled by the heat-diﬀusionlimited interaction with the environment and therefore depends
on the dimension and the surroundings of the nanostructure.20,41 Since the nanowires under investigation here
predominantly lie ﬂat on a quartz substrate, the heat dissipation
is dominated by the radial diﬀusion from the nanowires to the
substrate, which ought to be more eﬀective for nanowires with
smaller diameter (see Supporting Information). However, we
predict that for our samples such cooling occurs over the
nanosecond time scale (see Supporting Information), and we in
fact observe the reverse eﬀect of higher acoustic phonon bath
temperatures for lower-diameter NW ensembles. Hence, we
may eliminate the possibility of long-term sample heating
eﬀects causing the observed diﬀerences between nanowire
ensembles.
Intraband energy relaxation in semiconductor nanostructures
may occur through a variety of channels such as phonon
emission, Auger relaxation, and nonadiabatic relaxation
mediated by surface ligand vibrations.18,20,23,34,42 Our timeresolved PL and terahertz data (Figure 3) show no evidence for
ﬂuence-dependent dynamics or fast conductivity decay. Hence,
we may rule out Auger relaxation and surface mediated
relaxation as prominent channels for carrier cooling in these
nanowires, at the excitation ﬂuences employed. We propose
instead a simple mechanism that links the observed diﬀerences
in charge carrier cooling rates for the nanowire ensembles with
the relative changes in the density of stacking faults they
exhibit. Figure 6 schematically illustrates the charge carrier

Figure 5. (a) Full width at half-maximum (fwhm) of time-integrated
PL and (b) carrier temperature Tc at time delay Δt = 10 ps plotted as a
function of PL decay rate (rate for the emission to decay to 1/e of its
initial intensity) for InP NWs with average diameter ⟨d⟩ of 50 nm
(black squares), 85 nm (red circles), 135 nm (blue triangles), and 160
nm (magenta diamonds) under low (empty) and high (solid)
excitation ﬂuences.

from all four nanowire samples. First, Figure 5a exhibits a clear
correlation between the fwhm of the time-integrated PL spectra
and the PL decay rate of the emission. These ﬁndings
demonstrate that an increased density of WZ−ZB heterojunctions is reﬂected by a more inhomogeneous distribution of
electronic states and leads to an increased rate of charge
transfer across such interfaces that rapidly quenches the
emission. As discussed above, the heterojunction defect density
also appears to be correlated with nanowire diameter, showing
two regimes of NWs with higher (50 and 85 nm) and lower
(135 and 160 nm) stacking fault density. These data suggest
that the choice of Au catalyst nanoparticle size not only aﬀects
the diameter of the resultant nanowire but also strongly
inﬂuences stacking fault formation during the growth. Second,
we may now use the knowledge gained on trends in stacking
fault density to examine further links with charge carrier
temperature. Figure 5b displays the carrier temperature at 10 ps
after photoexcitation as a function of the PL decay rate, which
reﬂects the spatial charge transfer rate across the type II
heterojunction. These data show that the carrier temperature
remains signiﬁcantly higher in nanowire ensembles with higher
stacking fault density. In addition, an increase of the excitation
density leads to further increases in carrier temperature above
the nominal lattice temperature. Since the carrier cooling on
these time scales (>10 ps after excitation) is dominated by the
acoustic phonon bottleneck, this plot further suggests that the
acoustic phonon bath temperature becomes higher as the
charge transfer rate is increased. Hence, we conclude that the
carrier cooling in the nanowires containing type II heterojunctions is closely related to the dynamics of spatial charge
transfer.
We may rule out the possibility of diameter-dependent
nanowire cooling causing the observed trends. It has been
shown that the decay of acoustic modes in semiconductor

Figure 6. Schematic representation of the carrier cooling at
semiconductor type II heterostructures: (a) Initial carrier cooling
occurs via LO-phonon coupling at time delays Δt < 10 ps after
photoexcitation. (b) At Δt > 10 ps after photoexcitation, charge
transfer across the WZ−ZB type II interface releases an excess energy
comparable to the energetic oﬀset across the heterojunction (ΔE),
which results in further phonon emission.

dynamics following injection into the WZ segments of the
nanowires. Charge carrier cooling will happen through the
release of phonons, but over the time scale of the ﬁrst tens of
picoseconds, spatial charge transfer across the WZ−ZB type II
heterojunction will occur concurrently. The intraband
relaxation in the ZB phase will lead to an additional release
of excess energy following the spatial charge separation, which
is transferred to the lattice via further phonon emission (Figure
6a,b). As a result, the buildup of a nonequilibrium phonon
population is augmented signiﬁcantly over the time scale on
which such charge transfer processes occur (few tens of
picoseconds). Such carrier relaxation from the conduction band
of WZ to the energetically lower-lying electronic states of ZB is
similar to inter-subband transitions in quantum wells, where
sizable excess energy is released to the lattice.43,44 For the
nanowire ensembles under investigation here, we observe a
F
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clear correlation between the density of stacking faults present
and the carrier temperature Tc attained by the acoustic phonon
bath within the ﬁrst few picoseconds after excitation (see Figure
5). Since the direct band-to-band PL recombination from the
WZ phase competes with the spatial charge transfer across the
WZ−ZB type II heterojunctions, the higher charge transfer rate
across the type II heterojunction will lead to a higher energy
transfer rate to the acoustic phonon bath. In addition, such
spatial separation of electrons and holes has been shown to
enhance the coupling of charge carriers to LO phonons.23,42
Hence, nanowires with higher charge-transfer rates will exhibit
faster cooling of charge carriers via more eﬃcient emission of
LO phonons. The subsequent anharmonic decay of these LO
phonons leads to a buildup of an acoustic phonon population
that only slowly decays over times scales of hundreds of
picoseconds. In turn, this increase in the population of
nonequilibrium phonons will signiﬁcantly decrease carrier
cooling rates.18,24,25 In accordance with our observations,
nanowires exhibiting higher densities of such stacking defects
will therefore more eﬀectively sustain charge carriers at an
elevated temperature.
In conclusion, we demonstrate for the ﬁrst time that type II
heterointerfaces in semiconductor nanowires can allow for a
hot charge carrier distribution to be maintained over an
extended time period. One beneﬁcial aspect of such slowed
carrier cooling is that the presence of stacking faults may not be
detrimental to the eﬃciency of solar cells based on the
nanowires. Nonresonant photoexcitation in general results in
substantial irreversible solar energy loss to the lattice via
phonon emission within ﬁrst few picoseconds. Theoretical
calculations suggest that a reduction of the hot-carrier cooling
rate can signiﬁcantly improve the highest achievable eﬃciency
of a solar cell.45 In particular, we have recently shown that the
radial transfer of charge carriers from inorganic semiconductor
nanowires of similar diameter to a surrounding polymer matrix
can be completed within a few tens of picoseconds.28 Here we
ﬁnd that over such time scales excess energy is maintained in
the hot-carrier distribution, which may hence be utilized in the
charge transfer into a surrounding organic matrix. Our results
thus imply that hot-carrier harvesting is potentially feasible in
hybrid photovoltaic materials containing nanowires with
stacking faults.
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