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Electron Microscopy and Calculation of Average Nanowire Di-

ameters

Field emission scanning electron microscopy (FESEM) was carried out using a Hitachi S4300 mi-
croscope at an accelerating voltage of 5 kV. For each sample, at least 50 individual nanowires were
examined. For each individual nanowire, measurements of the nanowire diameter were taken at

approximately 250 nm intervals along the entire nanowire length, from which an average diameter
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was calculated. Each nanowire average diameter was then recorded in a histogram bin yielding an
average-diameter distribution function for the complete ensemble, as shown in Fig. S1. For each
nanowire, the total nanowire length was also measured and for each nanowire ensemble sample,

the length- and distribution-averaged nanowire diameter, < d >, was then calculated using the

formula:

_ Xdil;
=3 (1

<d>

where d; is the average diameter of nanowire i and /; is its length.
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Figure S1: Histograms of the diameters of (a) S0nm-InP NWs, (b) 85nm, (c¢) 135nm and (b)
160nm-InP NWs on quartz.

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

300kV. At least 5 nanowires were examined from each sample. Nanowires were examined for

crystal structure and stacking faults over their entire length.

Time-resolved Photoluminescence Spectroscopy

For time-integrated PL. measurements, the sample was maintained at a temperature of 77K in a

liquid-nitrogen flow cryostat. Time-resolved PL. measurements were performed at room tempera-
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ture using a PL up-conversion set-up that has already been described in detail elsewhere.S!-5? The
sample was excited at a photon energy of 1.68 eV with the output from a mode-locked Ti:Sapphire
laser oscillator supplying 100 fs pulses at 82 MHz repetition rate. The PL was gated optically in a
B-barium borate crystal using a split-off part of the laser output that was subjected to an adjustable
time delay with respect to the excitation pulse. Time-resolved and time-integrated PL spectra were
recorded with a liquid-nitrogen cooled CCD detector connected to a spectrometer, and corrected
for the spectral response of the apparatus. The spectral resolution of the time-resolved and time-
integrated PL systems at the selected detection wavelengths was 32 meV and 4 meV, respectively,
and the former system had a time-resolution of 200 fs.

The initial carrier density (ng) immediately after photoexcitation (=0) can be calculated from
the density of absorbed photons. For the case of the samples under investigation, the nanowires of
diameter d=50-160 nm were dispersed lying flat on the substrate. The optical absorption coeffi-
cient o at the excitation energy of Epporon=1.68 €V is taken from literature valuesS3 at 10K to be
40000 cm~!. The sample is therefore optically thin (i.e. ad=0.2 — 0.6) resulting in the generation

of a homogeneous initial carrier density ng throughout each individual nanowire given by:

Jo

Ephoton

no = x o(1 —R) )

Here fy is the initial excitation pulse fluence incident on the nanowire and R accounts for the
reflection losses occurred at the InP interface, given by R = (n —1)?/(n+ 1)?~0.26 with n=3.1.5*

The initial excitation fluence fj experienced by the nanowires is given by that at the very centre
of the Gaussian excitation spot profile because of the experimental conditions used, as described in
the following. The excitation spot on the sample had a full-width-at-half maximum of w=240 um,
which generated emission that was imaged with two off-axis parabolic mirrors onto the nonlinear
crystal with a magnification ratio of 4.1. The PL image of 1 mm diameter was then optically gated
with a gate beam of 80 um diameter. Therefore, this set-up probes an excitation area of diameter

only 0.08w with respect to the overall excitation spot. The probed emission as a result is highly
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homogenous as it is generated by the fluence fy at the very centre of the Gaussian excitation spot,
given by
V2P
fo= Tr reps (3)
7 (%)
where P is the time-averaged total excitation power incident on the sample surface and ry.,=82 MHz
is the pulse repetition rate of the excitation laser. Overall, this system of measurement therefore

ensures that a well-defined and uniform volume density of carriers is generated in the ensemble of

nanowires probed.

Terahertz Time-Domain Spectroscopy

The optical pump terahertz probe measurements were conducted on the experimental setup that
has been described previously.>> An amplified Ti:Sapphire laser with 4 W average power was
used to generate 35 fs pulses centred at 800 nm at a 5 kHz repetition rate. Each pulse was split
into three paths: approximately 590 uJ/pulse was used as the optical pump to photoexcite the
sample, 200 pJ/pulse was used to generate the THz probe pulse via optical rectification in a 2 mm
GaP crystal, and 1.6 uJ/pulse was used as a gate for electro-optic detection of the transmitted THz
pulse with a 200 mm GaP crystal. The optical pump beam was attenuated using neutral density
filters to produce sample photoexcitation fluences between 1 and 160 uJ/cm?. At the sample, the
optical pump beamwidth had a full width at half maximum (FWHM) of 13 mm, whereas the THz
probe FWHM was only 1.3 mm. Therefore the terahertz probe measured an area of approximately
constant photoexcited carrier density. The THz electric field, E, was detected using a balanced
photodiode circuit, and the signal was extracted using a lock-in amplifier referenced to a 2.5 kHz
chopper in the THz generation beam. A second lock-in amplifier was used to detect the optical
pump-induced change in terahertz electric field, AE, by referencing to a 125 Hz chopper in the
optical pump beam. Varying the delay between the optical pump, terahertz probe and optical gate
pulse produced a two-dimensional map of the THz spectral response of the material as a function of

time after photoexcitation. The measurements were performed at room temperature with the entire
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terahertz beam path under vacuum, to avoid absorption of the terahertz radiation by atmospheric

water vapour.

Electron Quantum Confinement Energy Calculation
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Figure S2: Single particle energy in the superlattices plane for the first electron in the WZ-ZB-WZ
quantum well with different well-width.

The electronic eigenstates for a single wurtzite InP quantum well in zinc blende InP were
calculated for various well widths L. A conduction band discontinuity of 129 meV and an electron
effective mass of 0.08m, (in well and barrier) were assumed. Figure S2 shows the energies of
the two lowest eigenstates £; and E, with respect to the wurtzite conduction band minimum, as
a function of well width. One bound state is found in the range L > 0.8 nm, and a second bound
state appears when L > 6.2nm. The increase in the PL emission energy resulting from quantum
confinement is dominated by electron confinement in the zinc blende wells. The majority of the

hole population will be located in the wurtzite section, with negligible confinement energy.
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Time-Integrated PL Spectral Maps of 85nm and 135nm InP NWs
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Figure S3: TIPL spectra maps for (a) 85 nm-InP NWs and (b) 135 nm-InP NWs showing the in-
tensity (on a linear false colour scale) as a function of initial charge injection density (horizontal
scale) and emission energy (vertical scale). For clarity, all spectra were normalized to their maxi-
mum intensity. The dotted and dashed lines indicate the bandgap energy of the WZ phase (E;(W))
and the ZB phase Eq(ZB) at 77 K, respectively. (¢) Individual TIPL spectra for 85 nm-InP NWs
(dotted and dotted lines) and 135 nm-InP NWs (circles and diamonds), displaying the evolution

of the PL spectra as the initially injected charge carrier density is increased from 1x 10'9cm™ to
1.4x 10" cm =3,
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Transient PL of 85nm and 135nm InP NWs
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Figure S4: Transient photoluminescence (PL) decays of InP NWs measured at 300 K as a function
of time after excitation. Thes nanowires were excited at a photon energy of 1.68 eV with pulse
fluences generating an initially injected charge carrier density of 1.4x10'8 cm™ (empty symbols)
and 0.7x10'® cm™3 (solid symbols). The PL emission was detected at the energy corresponding
to the bandgap of the WZ phase (1.44 V).

Carrier Cooling curves for 8Snm and 135nm InP NWs
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Figure S5: Charge carrier temperature at substrate temperature of 300 K, plotted as a function of
time delay for 85 nm-InP NWs (circle) and 135 nm-InP NWs (diamond), as extracted from expo-
nential fitting to the high-energy tail of the corresponding PL spectra. The inset shows the energy
loss rate of hot carriers (J.) plotted as a function of carrier temperature 7, extracted from the cool-
ing curves in for 85 nm-NWs (circle) and 135 nm-NWs (diamond) through numeric differentiation.
The solid and empty symbols show the energy loss rate obtained at initial charge carrier densities
of 1.4x10"™ cm™3 and 0.7x10'8 cm 3, respectively. The solid lines are guides to the eye.
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Acoustic (AC) Phonon Cooling

We may rule out the possibility of diameter-dependent nanowire cooling causing the changes
in charge carrier cooling rate for nanowire ensembles with different average diameter. Non-
equilibrium filling of AC phonon modes has generally been observed in bulk semiconductors for
photoexcitation densities above 10'® cm™3.5¢ The cooling of such AC phonon distributions, on
the other hand, is controlled by the heat-diffusion limited interaction with the surroundings.S’
Such heat transfer to the substrate environment has been shown to depend on the dimension

and the surrounds of the nanostructure.S”S8 In this simple model, the heat diffusion time con-

CpppR?
9CmpmA >

stant (Tp) in a semiconductor nanostructure is given by 7p = where R is the radius, C
is the specific heat, p is the density, and A is the linear thermal conductivity for the nanoparti-
cle p in the surrounding matrix m. For the study presented here, nanowires were dispersed flat
on quartz substrates, hence 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.
We estimate a diffusion cooling time of ~478 ps and 4820 ps for 5S0nm-InP NWs and 160nm-
InP NWs, respectively, under our experimental conditions (based on established parameters:>’
Crp = 45.4Jmol 'K, Cquar, = 45.3Jmol 'K~!, ppp = 4.81gem™3, pguary = 2.20gem 3,
Aquartz = 0.013Jem~'K~!s~!). These heat diffusion times are much longer than the times scales
involved in the rapid charge-carrier cooling through exchange with phonon modes and, as a result,
a sizeable non-equilibrium phonon distribution is able to build up, as described in the main text.
The simple model of heat diffusion outlined here would suggest that the acoustic phonon bottle-
neck is resolved faster in the thinner nanowires, as these will have more effective heat conduction
to the substrate. In contrast, we actually observe consistently higher charge carrier temperatures
in the smaller-diameter nanowires. These observations strongly suggest that the charge cooling

dynamics are in fact dominated by the additional carrier heating induced by charge transfer across

heterojunction interfaces, which occur in higher density for the thinner nanowires.
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