This is an Open Access document downloaded from ORCA, Cardiff University©s institutional
repository: http://orca.cf.ac.uk/101256/

This is the author's version of a work that was submitted to / accepted for publication.
Citation for final published version:

Wagner, H. P., Kaveh, M., Gao, Q., Tan, H., Jagadish, C. and Langbein, Wolfgang 2017. Population
dynamics and dephasing of excitons and electron-hole pairs in polytype wurtzite/zinc-blende InP
nanowires. Physical Review B 95 (4) , 045305. 10.1103/PhysRevB.95.045305 file

Publishers page: http://dx.doi.org/10.1103/PhysRevB.95.045305
<http://dx.doi.org/10.1103/PhysRevB.95.045305>

Please note:

Changes made as a result of publishing processes such as copy-editing, formatting and page
numbers may not be reflected in this version. For the definitive version of this publication, please
refer to the published source. You are advised to consult the publisher's version if you wish to cite

this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications
made available in ORCA are retained by the copyright holders.



Population Dynamics and Dephasing of Excitons and
Electron-Hole Pairs in Polytype Wurtzite-Zincblende

INP Nanowires

H. P. Wagne, M. Kavelt, Q. Gad, H. Tar?, C. Jagadisf, andW. Langbeirt
Department of Physics, University of Cincinnati, Cincinnati, OH 45221, U.S.A.
2Department of Physics and Astronomy, James Madison University, Harrisonburg, VA 22807,
U.S.A.
3Department of Electronic Materials Engineering, Research School of Physics and Engineering,
Australian National University, Canberra ACT 2601, Australia

4School of Physics and Astronomy, Cardiff University, Cardiff CF24 3AA, U. K.

Corresponding author: Hans-Peter Wagner

Abstract:

We investigated the dephasing and population dynamics of electron-hglpaieshand excitons

in vapor-liquid-solid grown polytype wurtzite/zincblende (WZ/ZB) InP nanowires (NWSs) using
heterodyne four-wave-mixing (HFWM) in three-beam configuration at temperatures from 80 to
270K. The photon energy of the femtosecond excitation pulses was varied to predominantly

excite either mobile excitons and e-h pairs or indirect WZ/ZB excitons. The population dynami



reveals a multi-exponential decay with time constants ranging over six orders of magnitude. The
dynamics has been interpreted by a coupled rate equation model which considers wurzite and
zincblende electron states, donor electron states, and band bending trapping holes to the surface.
The model reproduces the essential features of the experimentally observed dynamics at different
excitation energies, fluences, and lattice temperatures. Intraband thermalization is reached
within 5-50ps, after which the non-radiative recombination dominates the dynamics. Notably, the
screenable surface band bending results in long lived spatially separated carriers, resalting in
photogenerated, spatially separated background electron and hole density important controlling

the long-lived dynamics. .



[. INTRODUCTION

In recent years semiconductor nanowires (NWs) have attracted significant attention because of
their electronic and optical properties such as their directed charge transport capalaitities
optical polarization sensitivitied*. Different synthetic approaches have been developed to
fabricate NWs including the vapor-liquid-solid (VLS) growtti, solution-liquid-solid (SLS)
growth ® and template based methatfs. Due to the small radial dimensions of the NWs the
design of NW heterostructures is not limited by strain as in conventional planar molecular beam
epitaxy (MBE) or metal-organic-vapor-phase-epitaxy (MOVPE) thus enabling the fadoricati

a wide variety of radial heterostructureseag. GaAs/AlGaAs’, GaAs/GaP? and InP/InAs™®
core-shell NWs. Also axial NW heterostructufe$ become feasible that comprise segments of
different semiconductor material with nanometer thickness along the X\ Another
interesting type of axial heterostructures uses alternating few nm short segments of the same
chemical material but different crystal structuresagin wurtzite/zincblende InP*2° and GaAs

21 NWs revealing a type-ll band alignment.

This flexibility in NW design and growth has enabled novel device applications including
NW lasers!® 22 23 [ight emitting and detection devicés®*2%, ultrahigh density transistor$
single-electron charging devic&s?° as well as single photon emittéfs®® 3! and detectoré?.
However, due to their large surfatevolume ratio the electronic and optical propestoes
semiconductor NWs are susceptible to surface states and defects. It is therefore important to
understand the processes which deterntieecarrier relaxation and transfer dynamics in these

novel nanostructures.



Time-resolved photoluminescencelTRPL) spectroscopy usingime-correlated-single-
photon-counting (TCSPC) measures the dynamics of carrier transitions with a time resolution in
the tens of picoseconds. TRPL measurements showed exciton recombination times faster than 80
ps’ for zincblende GaAs NWs and efins for GaAs/AlGaAs core-shell NWs at R(Q" 33 34
revealing the influence of carrier trapping at non-radiative surface states whitiuced by
passivation of the NW surface with a material of higher band-gap. InP NWs of both zincblende
(ZB) 2538 and wurtzite (WZ)% 3" type instead show exciton decay times in the order of 1ns even
without a core-shell structure dteea three orders of magnitude slower surface recombination as
compared to GaAs. Even longer exciton recombination times have been observed in axial
polytype wurtzite/zincblende (WZ/ZB) GaAs NW3-8 ns)?! and in WZ/ZB InP NWs (about
8ns) ¥ which has been attributed to spatially indirect excitons across the WZ/ZB interfaces
Photoluminescence up-conversion experiments with a time resolution of about 200fs were used
to measure the conversion times from electron-hole pairs in WZ sections to indirect WZ/ZB
excitons in INP NWs under non-resonant excitafforThe obtained conversion times increase
with increasing NW diameter from 20 to 40ps for 50 to 160nm wide NWs.

The nonlinear optical technique of four-wave mixing (FWM) is a powerful method to study
coherent and incoherent carrier relaxation processes down to the femtoseeeschle. FWM
is excited by two or three mutually delayed pul¥esypically with non-collinear wave vectors
generating a diffracted non-linear response which can be directionally selected. While this
method has been widely applied to two-dimensional (2D) and bulk semiconductors, FWM
experiments on epitaxially grown or etched quantum wires (QWRSs) have proven to be
challenging due to a reduced signal and strong Rayleigh scattering. Only eoteys geported

on directional selective FWM in t-shaped GaAs QW& wet-chemical etched IN- 443 and



I1-VI QWRs 4+%, The more advanced technique of heterodyne F{MHAWM) 4’ combines
directionally selected FWM with a highly sensitive and selective heterodyne detéttion

providing sufficient suppression of the Rayleigh scattering background.

[I. EXPERIMENTAL

A. Growth of InP Nanowires

The polytype wurtzite-zincblende InP nanowires have been grown by the vapor-liquid-solid
(VLS) technique>”’ at a growth temperature of 460and a V/IlI ratio of 300 on a fused silica
substrate. As growth catalyst dispersed ~50nm diameter Au particles have been used resulting in
tapered NWs with an average length of 4um, a base diameter of 150 to 200nm and a tip diameter

of ~40nm™. The area density of the NWs on the silica substrate is ~4 NW.s/um

Figure 1: (a) and (b) high-resolution transmission electron microscope (HRTEM) image
polytype WZ/ZB InP nanowire. Adjacent WZ and ZB sections are visible as bright ang

segments, respectively.

High resolution transmission electron microscopy (HRTEM) micrographs reveal a high density

of stacking faults resulting in WZ and ZB sections which appear as bright or dark segments,



respectively (see Figs. 1 (a) and (@he WZ and ZB section sizes range from few 10nm to 1nm
1838 49 The WZZB-WZ-ZB sequences define quantum wells for electrons and holes in the ZB
and WZ segments, respectively, with varying confinement energies according to the length of the

sections.

B. Optical Characterization of InP Nanowires

Prior to the HFWM experiments the NWs have been optically characterized by temperature-
and intensity-dependent photoluminescence experimfémtscited by a continuous-wave (cw)
He-Ne laser at 1.96eV photon energy. A lens with a focal length ahdPbas been used to
collimate the 2mm widéde-Ne laser beam (with Gaussian intensity profile) onto the sample
resulting in an excitation area ofuP0® cm?. The sample was held in a closed-cycle Helium
cryostatat temperatures varied between 20K and 300K. Phdrom the NW ensemble was
spectrally analyzed by monochromator and detected by a photomultiplier with a GaAs cathode.
C. Heterodyne Four-Wave-Mixing Experiments

The HFWM experiments were performed using Fourier-limited pulses of about 100fs
duration at 76MHz repetition rate. In these experiments the NWs were transferred onto a quartz
crystal substrate and embedded into a polystyrene (PS) layer of a few ten micrometers thickness
by drop casting a 5% PS in toluene solution. The NWs were randomly oriented within the PS
layer and tended to accumulate in small clusters leading locally to a higher density than on the
fused silica substrate. They were then covered by a second quartz substrate and mounted into a
cold finger nitrogen-flow cryostat, at temperatures down to T = 80K. The population dgnamic
of excitons ance-h pairs was studied by using three exciting pulses 1, 2 and 3 with different

incident directionk123 and with zero delay ¥{ = 0) between the pump pulses 1 and 2 and



variable delay time¥{ of the probe pulse 3. The pulses fm@used onto the NW sample to a
beam diameter of 26um. The spectral full-wigttdhalf-maximum (FWHM) of the exciting
Gaussian shaped pulse intensity is about 11nm (19meV). The pulses were spectrally tuned from
exc = 830nm to 860nm center wavelength in 10nm steps to excite the InP NWs. Pulses 1 and 2
had equal fluences varied from 0.08 to 1-6n¥ (each pulse), while the fluence of pulse 3 was
kept at 0.17 - FPThe FWM signal was detected along the directiamkz-k1 in a square
configuration in transmission geometry. To enable heterodyne detection, the pulses were
frequency up-shifted with acousto-optic modulators (AOMs) by frequencies (E 0+]

2 &E Oand :3 (& 78.8MHz close to the repetition raterdy E 76MHz) of the

laser. The linear pulse chirp at the sample due to the AOMs and other optics has been removed
by pre-chirping in a grating based pulse compressor, as verified using a second order
autocorrelation. The FWM signal ks+k>-k1 direction having frequencies afs &t :a+:o-

.1 plus integer multiples of rep is subsequently interfered in a beam splitter with a reference
SXOVH ZLWK FHQ\ahd drrival HiieXdH=OF&lagive to the transmitted pulse 3. The
resulting signal with frequency: 6 :rep & 1.8MHz is measured by two high frequency
photodiodes in balanced detection, amplified by a current preamplifier (Femto DHPCA-100) and
analyzed by a lock-in amplifier (SR844) using integration times of about 100ms per point.
Further details are given in the supplement of R8f. (

The same HFWM setup was applied to study the dephasing of excitons in the NW ensemble
by varying the delay{ between pulses 1 and 2 (with pulse 2 being fixed in time). The reference
pulse was delayed byd with respect toS X OV H 7KH PHDVXUHPHQMWY ZHUH S
830nm (photon enerdyc exc = 1.493eV) and 840nm (1.476eV). To measure the photon echo,

the delay rangéM was scanned from -500 to 58@&round ¥{ with 50fs steps. Pulse 3 was fixed



at a delay¥ = 0.7ps | R ki = 830nm) and¥ = 1.0ps | R kkc = 840nm) after pulse Zhe
resulting photon echo (PE) signal in directiastk2-k: was measured as described earlier. The
heterodyne detection scheme suppressesRiydeigh scattering by typically 5 orders of

magnitude in field, so that it is negligible compared to the shot noise.

[ll.  RESULTS AND DISCUSSION

We commence by discussing the temperture-dependent photoluminescence measurements,
revealing localized indirect e-h pairs or excitons at the WZ/ZB interfaces in polytiypeWs.
Subsequently, we investigate the population dynamics and dephasing of e-h pairs and of
electrons originating from ionized donors as well as relaxation processes of differently localized
e-h pairs using HFWM in three-beam geometry. For a quantitative analysis of the HFWM data
we use fits with a multi-exponential function and a rate-equation model describing the
population dynamics of electrons and holes.

A. Optical characterization of polytype WZ/ZB InP NWs

Figure 2 shows PL spectra obtained from a polytype InP NW ensemble with an area density of
about 4 NWs/urhat temperatures ranging from 20K to 210K on a logarithmic scale. The sample
was excited with a laser at a wavelength of 633nm with an excitation intensity of about8W/cm
The PL spectrum at 40K shows two emission bands centered at 1.48eV (837nm) and at 1.445eV
(857nm). The emission band at 1.48eV is attributed to weakly localized WZ A-excitons where
electrons and holes are localized in ZB and WZ segments, due to the type-ll bandrali§nme

38,49 With increasing temperature above 60K, the A-exciton emission shifts to lower energy du

to the temperature dependent band gap shrinkage The emission band at about 1.445eV

which is separated from the weakly trapped A-exciton band by about the LO-phonon energy of
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Figure 2. PL spectra at sample temperatufesanging from 20K to 210K as labelled. Tk

spectrum at 80K is highlighted. The excitation was at 633nm with an intensity of 8W/cr

42.5meV>2 33 is attributed to an enhanced population of strongly localized indirect WZ/ZB
excitond® 5% % due to LO-phonon assisted relaxation. This interpretation is supported by
determining the optical density of states (OD@S)vurtzite A-excitons, ranging from weak to

strong localization,from the PL. Assuming intraband thermal equilibrium , the OD©®S
proportional to the product of the PL intensity and a Boltzmantof exp E/KT asa function

of emission energ¥, as shown in Figure 3.he data are normalized in the flat ODOS region
just above the WZ bandgap, at 1.50eV, as in this region the carriers are mobile and a thermal
distribution can be expected. The increasing ODOS above 1.51eV is due to the B valence band.

In this analysis we have for clarity corrected the energy for the temperature degentiémne
wurtzite band gap by subtratinga Varshni expression TZ/(T D) with parametef$

D=3.3ul0* eV/K and E=225K. For sample temperatures below 80K, we used a carrier

temperature T somewhat higher than the lattice temperature to reproduce the optical
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Figure 3: Optical density of states as a function of energy at temperatures ranging fron|
160K as labeled. The exciton density spectrum at T = 80K is highlighted. The thermal
gap shrinkage was corrected as described in the text. Carrier temperatures which devi
the lattice temperature are shown in parentheses. The red arrows indicate the excitatig

wavelengths used in the HFWM experiments.

density of states above the mobility edge. This temperature difference is due to non-complete
thermalization of photoexcited carriers with the tauluring their lifetime, which is relevant at

low temperatures when LO-phonons are not significantly occupied, and carrier-carrier scattering
can still provide a thermalization of the mobile carfizraVith increasing temperature the
phonon-scattering rate increases, resulting in a thermal carrier distribution above 130K as seen
by the essentially temperature independent retrieved ODOS. The separate emission band due to
the non-thermal population accordingly vanishes above 130K (see Fig.l@yer temperatures

instead, the steeper slopes below 1.49eV show a sub-thermal population of excitons below the

10



mobility edge. The spectra of the optical density show also the relative population enhancement
about one LO-phonon energy below the mobility edge, which is attributed to LO-phonon assisted
relaxation of electrons from the mobility edge into the indirect ZB sections. The assignment of

the emission band at about 1.44eV as deeply localized WZ/ZB indirect excitons is consistent
with its blue shift as a function of excitation intendityattributed to state filling® and the space-

charge potential created by the indirect electron-hole detisity

B. Population dynamics of excitons and e-pairs in WZ/ZB InP NWs

To measure the population dynamics we used HFWM experiments with zero &élayQ)
betweenyump’ pulses 1 and 2 and variable delay tideof W Kpirbb®™ pulse 3. We note that
excitons in InP have a binding energy of about 5meV and are therefore mostgdiamithe
investigated temperature range. We will use the term e-h pairs rather than excitons throughout
when discussing the dynamics, meaning to include the bound exciton states.

1. Excitation energy dependence

The red arrowsn the wavelength axis in Figureidicate the excitation center wavelengths
used in the HFWM experiments. The thick lines in Figs. 2 and 3 highlight the PL and optical

density spectrum at 80 K at which the excitation energy dependence was mdagured (a)

shows the normalized HFWM traces fag. = 830m (1.493¢&/), approximately 'y =10meV

above the exciton mobility edge for different pump-pulse fluengegwhere fluencely = 1>
were varied synchronouglyas labeled. The inset in Figure 4(a) shows the HFWM peak

amplitude as a function of the fluence ratigy lo , where lo = 1.6 -cm?, which follows the

expected linear dependence according to the signal being proportidj‘ffeEQtE3 with the fields

11
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Figure 4: Normalized HFWM amplitudes dt = 80K as a function of delay¥ at excitation
wavelengths R DRy = 830nm, (b) 840nm, (c) 850nm, and (d) 860nm for diffef
excitation fluencesli> as labeled. The data for different fluences are vertically offse
multiples of 0.03 for clarity, see horizontal lines. The insets show the maximum H
amplitude versus excitation fluencels>. Thick dashed black and dark yellow curv

represent fits using the multi-exponential function given by eq. (1) as described in the {4

E , 3 of the pulses. The HFWM shows an initial decay over the first picosecond, followed by a

non-exponential dynamics covering time constants from 5ps to several 10ns. With increasing

pump fluences we observe generally an acceleration of the decay.
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Figure 4 (b) shows the normalized HFWM traces ta¢= 840nm (1.476eV), corresponding to

M= - 7meV (see arrow in Fig. 3). Compared to the dynamics'fg= 10meV, we finda
somewhat slower decay. Figure 4 (c) shows the datasfor 850nm (1.458eV), corresponding

to 'p= - 25meV. Here, the initial fast decay shows a minimum at about 100fs with a
subsequent maximum at about 200fs. Figure 4 (d) shows the data.fer860nm (1.441eV),
corresponding to' y; = - 42meV, ond.O-phonon energy, below the mobility edge, resonant to

deeply localized WZ/ZB indirect e-h pairs (see Figure 3). At this excitation emexgbserve
the longest decay times. The HFWM amplitudes as a function of kafidp shown in the insets
of Figure 4 (b) to (d) reveal similar or only slightly reduced values compared to thé&igsét
(a) despite the significantly reduced excitation density at lower excitation energiestriMee
this behavior to a reduced reabsorption of the HFWM signal, ddWheare getting transparent
at energies below the WZ band gap (compare Fig. 3), showing an approximately exponentia
decrease of the ODOS of about one order of magnitude per 20 meV.

For a quantitative evaluation of the HFWM data we have fitted the traces with a multi-
exponential function with fivéime constantd; and amplitudeg which is the minimum number
to a achieve a good agreement with the experimental Mata that the data covers 4 orders of
magnitude between time resolution and range, and the five decay times are ranging over 5 orders
of magnitude. The resulting order of magnitude difference between exponential decay times
allows for a well-defined miti-exponential fit We also includeda /-function with amplitudeAo
to model instantaneous non-resonant virtual transitions such as two-photon absorption, Kerr-
effect, and relaxation processbelow the temporal resolution limit. We considered that the
measured HFWM data is the convolution of the multi-exponential function aviaussian

pulse intensity autocorrelation leading to a HFWM signal of

13
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with Tac being the pulse intensity autocorrelation time. The pulses used are well described by
Gaussian function, as seen in the spectrum (see Fig.hé term which includes the pulse
repetition periodTrep = (76 MHz)* considers the build up from previous pulses, and is relevant
only for decay constants of the same order or longerThan

After fitting all data with free time constants, we found that we could consistently describe
the data using fixed time constaiitsto T4 of 0.7ps, 5ps, 40ps, and 400ps. The dashed curves in
Fig. 4 show the corresponding fits at lowest and highest pulse fluence. The obtained amplitudes
Ai are shown in Figure &-d) for the different excitation wavelengths. Due to the complexity of
the carrier dynamics including different scattering processes and a set of different states with
different energies and decay rates, an attribution of time constants to individual processes is
bound to be approximate. Notwithstanding, we propose here an interpretation, which will be

backed up in the next section by simulations.
The density of photoexcited carriem,, D/, /(hc/ Y at maximum pulse fluence
max 4 o and excitation wavelengthC = 830nm was estimated by using the band-gap

absorption coefficient of zincblende P of £=1x10¢" cm? but considering the microscopic

anisotropy of wurtzite InP which forbids optical transitions from the A-valence band (with
symmetry *4) to the conduction band (with symmetry, ) for light that is polarized along the

crystallographicc-axis, along the NW#°. This anisotropy reduces the optical absorption of the

randomly oriented NWs by a factor of 2/3. Furthermore we consider the macroscopic anisotropy

14



which is associated with the shape of the InP NWs. The mismatch of the dielectric constants

between the NW and its surrounding environment reduces the absorption coefficient by an
additional factor of about 1. At highest pulse fluencef,, 3.2 - F¥we find a resulting

e-h excitation density of about 2Xf@ns.

Due to the moderate density of pix@xcited carriers, Auger recombination procesSese
not expected to be the relevant mechanism for the observed non-exponential decay. We interpret
the decay in Fig. 4 (a) and obtained amplitudes in Fig. 5 (a) as follows: The instarstan
contributionA (shown at 100fs) is assignamnon-resonant virtual processes. The time constant
of 0.7ps is attributed to the relaxation of highly excited e-h paitise mobility edgevia carrier-
carrier and LO-phonon scattering. With decreasing excitation fluence, carrier-saattering is
suppressed due to the reduced density of excited e-h pairs, which can be the origin of the
observed reduction of amplitude. Processes relating to the time constant of 5ps are attributed
to the relaxation of electrons from the mobility edge into ZB regwasacoustic and LO-
phonon emissionThis process is responsible for the observed non-thermalized PL enhancement
one LO-phonon energy below the mobility edge shown in Figs. 2 and 3. The InP NWsashow
background n-doping! with a concentration of about ¥0m?3, resulting in a background
electron density and corresponding ionized donors. Most of these electrons are expected to be
trapped in the ZB sections due to the conduction band alignment. Intraband excitation of these
electrons by the pump pulses leads to a modulation of the refractive index in the NWs giving rise

to an additional HFWNMignal.
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Figure 5: AmplitudesAi of exponential decays with time constahit$or different excitation
fluencesly. as labeled at a sample temperature of 80K, from fits of eq. (1) to the HFW,|

excitation wavelengthsexc of (a) 830nm, (b) 840nm, (c) 850nm and (d) 860nm.

The intraband excited electrons which have a large excess energyvieelaarrier-carrier
scattering andlO-phonon emission towards the mobility edge on a timescale of less thisn 100
described byAo. Lateron, acoustic phonon assisted relaxation and thermalization will contribute
to the HFWM amplitudes: andA>. The dynamics described by ttime-constant of 40ps could

be due to the thermalization of electrons between the spatially separated states such as WZ / ZB

or holes between mobile and surface states. Note that at a temperature of 80K a significant

16



redistribution of the PL towards thermalization is observed in Fig. 3. The longer time constants
T4 of 400ps and’s ranging from 10ns to 30ns should be beyond thermalization and thus related
to recombinationThis recombination is dominantly non-radiative, as can be seen by the about
50 times reduction of the photoluminescence from 20K to 80K. Non-radiative recombination is
typically explained by deep traps and described as monomolecular, especially in presence of a
background doping providing a majority carrier type, electrons in the present case. The presence
of a wide distribution of time constants for this process requires a spatial separation of the
minority carriers, the holes, from the electrons. This can be provided lgyward band bending
close to the nanowire surface due to negative surface ch&gedich leads to a spatial
separation between holes at the NW surface and elecinotise NW center, with small
wavefunction overlap and consequently small recombination rates, which is consistent with the
low surface recombination velocity found in InP NWsThe relaxation timds decreases with
increasing excitation fluence, which could be dueribanced thermal activation of the surface
trapped holes resulting from the screening of the band bending by the trapped hole density
Moving the excitation pulses to smaller energies, the inter-band transitions create dominantly
indirect, localized electron-hole pairs of exponentially decreasing optical densifyigs&e and
intra-band excitation of resident electrons becomes more important in the initial dynamics in the

first 10-100ps before intra-band thermalization.
For 'y =- 7meV (Fig. 5b), the 0.7ps contribution is reduced, otherwise a similar dynamics
is found. For "\, = -25meV (Fig. 5c)the excitation of indirect WZ/ZB e-h pairs in dominating,

and the initial decay shows a minimum at approximatelyfslO@hich is attributed to the
interband excitation of the resident electrons in the ZB trapping sites, blotdkingrobed

transitions. Their intraband excitation results in an induced absorption, providing a HFWM

17



amplitude destructively interfering with the amplitude due to absorption bledahiregonantly
excited e-h pairsAt higher or lower "\, this effect is likely of too low strength to be visible,

due to the lower occupation or the lower transition strength, respectively. In these cases, the
signal resulting from the intra-band absorptianpredominantly a refractive index change
(phase-modulation) whicis in quadrature to the absorption bleaching by resonantly exched e-
pairs consistent with the absence of the minimtliontake into account the effect of the resident
electrons for' \; = -25meV we added an exponential function with negative amplifgdato

eg. (1) and fixedts relaxation timeo Te = 50fs. The resulting fits for highest and lowest pump
fluences are given as dashed curves in Fi@)4 For '\, =- 42meV (Fig. 5d), the excitation
density of mobile e-h pairs is negligible. The observed initial dynamics is therefore created
dominantlyby non-resonant virtual transitions and intraband excitation of resident electrons in
the ZB sections. The slower dynamics relates to the relaxation of the remaining interband

excitation

2. Temperature dependence
To study the role of phonon-assisted processes in more detail we performed additional
measurements at sample temperatures of 150K, 210K and 270K. The excitation wavelength was

adjusted for each temperature to compensate the temperature induced band gap shrinkage (see

Fig. 2 and Ref?). Figure 6 (a) shows the HFWM at 160or exc = 850nm, ', ~ -13meV. A

similar dynamics as fol = 80K, "\, ~ -20meV is found, including the initial minimum
attributed to the intraband excitation of the trapped electrons in the ZB sections. The occurrence

of the minimum despite the about 10meV highgy can be related tan increase of the

18



average trapped electron energy due to thermal activation. The maximum HFWM amplitude
value (see inset in Figure 6 Y@ slightly decreased comparedTa= 80K, '\, ~-20meV (see

inset of Fig. 4 (c)). Fig. 6 (b) shows the amplitudes extracted from Fig. 6 (a) using etipgfl) -

general interpretation remains as described earlier.
The results foif = 210K and e = 860nm, ', ~- 10meV, are given in Figure 6 (c,d).

Due to the increased thermal activation of electrons from the WZ/ZB traps the induced

absorption peak is not anymore noticeable. The long lifetifpese reduced, and the maximum

values of the HFWM signal are about half of those at 80k, ~- 7meV. (see Fig. 4(b))

The results for T = 270K andy, ~- 10meV are given in Figure 6 (g,The amplitudeAs

with long lifetime Ts is furtherreduced andhie broadening of the spectral respolesgs to a

further reduction of the maximum HFWM amplitudes.
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Figure 6: Left: Normalized HFWM amplitudes at (&)= 150K, (c) 210K and (e) 270K as
function of delay ¥ at excitation wavelengthR | exc = 850nm, 860nm and 870nn
respectively, for different excitation fluencek.. The data for different fluences a
vertically offset by multiples of 0.03 for clarity, see horizontal lines. The insets sho
maximum HFWM amplitude versus excitation fluencks. Thick dashed curves represe
fits using the multi-exponential function given by eq. (1). Right panel: Amplitédes

exponential decays with time constafigat sample temperatures of (bFr 150K, (d) 21K

and(f) 270K for different excitation fluenced.> as labeled, obtained by fitting the HFW

amplitudes with eq. (1).
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C. Dephasing of excitons in WZ/ZB InP NWs

To study the dephasing of excitons in the WZ/ZB NWs photon @eapexperiments were
performed at'); of 10meV and -7meV. The total pump-pulse fluente /4 [, wasset to be

0.64 and 1.6uJ/cth respectively. The density of photoexcited carriers was estimated by the
overlap integral of Gaussian shaped excitation pulses (with center épeagga FWHM of 0 (

= 19meV) with the ODOS spectrum of InP nanowires obtaindd=a140K (from Fig. 3) where

the photoexcited carriers are thermalized. The ODOS spectrum is shown as black line in Fig. 7 as
a function of energy relative to exciton center endegy= 1.483eV. The measured excitation

pulse spectrum with center energy 1.476eV (840nm) as well as modeled Gaussian pulses at
center energies 1.476eV (840nm) and 1.493eV (830nm) are given in Fig. 7 as a full grey and
black dashed and dash-dotted curves, respectively. To distinguish the excitation of excitons from

that of e-h pairs the optical absorption due to excitons was modeled with a broadened exciton
resonance} (E) vsectf (1.76E E, )/ E, with a broadeningR | E§i = 21meV shown as
red curve in Fig. 6. The absorption of continuum states was modeled by convoluting the unit step

function TE (E; E)) with the exciton function shifted by the exciton binding energy of
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Figure 7: Optical density of states (black line) as a function of energy relative to the (
energy Ex of the broadened exciton band. The red, green and blue curves are m
exciton and continuum absorption and the resulting total absorption, respectively
shown is the spectrum of the excitation pulsesat= 840nm (grey curve) as well as spec

of Gaussian model pulses at.=830nm and 840nm (dashed and dash-dotted curves).

E, 5S5meV resulting in a free carrier absorptiof,(E) vl tanh(1.76E E, E,))/ E
(green curve in Fig. 7). The total absorption spectrum of excitons and e-h pairs
DE) ¢ B ¢ "B was then adjusted to match the ODOS spectrum as shown as a

blue curve in Fig. 7. The remaining deviation at higher energies is due to the onset of the
absorption due to the B-valence band and is not relevant for the excitation spectra used.
At excitation pulses ®Wex. = 830nm we find a ratio of the pulse overlap integral with

excitonsOx and e-h pair€en to be Ox/Oen = 0.54, so that 35% of the generated pairs are
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excitons. Using the previous estimate relating a pulse fluence of 3.2%td/enpair density of
2 W0 e (see section B.1.), a pulse fluence of 0.64 p3lsnthen estimated to result in an

exciton and e-h pair density of abdld uld°cm® and 2.6 u1G°cm, respectively. FOrexc =
840nm we find an overlap integral ratio@%/Oen = 2.26, thus about 70% of photo excited pairs

are excitons. Using the relative changeQsfandOen FR P S D U HG=880Rn, we find the

density of excitons of4.3 ul@°cm?® and e-h pairs ofl.3 ud°cms, at a pulse fluence of
1.6pJ/cm. Using these densities,evestimated the expected exciton dephasing fig@e using
the relationship

1 1

T g T L‘éexp(E,_O/(kT)) 1 olNx  xelN e 2)

In eq. (9 the dephasing ratef, accounts for the background dephasing due to scattering of
excitons with impurities and defects, and radiative decdy,is the acoustic phonon scattering

parameter, {/o is the LO-phonon scattering parameter, the factexpE o /KT)) 1 !
describes the thermal LO-phonon population witleing the Boltzmann constant ang being

the LO-phonon energy.ky is the exciton-exciton scattering parameter wiNk being the
generated exciton density andlg, is the excitoreh-pair scattering parameter with generated e-h
pair densityNgy,. Using parametersg, 0.11ps', J; 0.007ps* K*and {5 21ps*from
measurements on GaAs quantum wdland J, 1.6 10%cm®s’and 4., 1.6 103cn?

s on undoped bulk GaA® we expect dephasing times &f,, = 330fs and 450fs for exc =

830nm and 840nm at the applied pump fluences.
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Figure 8: Two-dimensional contour plot of HFWM amplitudes obtained from of the
experiment. (a)excitation wavelength @fc.=830nm, pump pulse fluence 1.6 uJ/cm2 and
of exc=840nm, 0.64uJ/ctnon logarithmic color scales as given. The white line in the u

quadrant in Fig. 8 (a) indicates where a PE signal would be expected.

Figures 8 (a) and (b) show two-dimensional contour plots of the HFWM amplitude obtained
from photon echo (PEexperiments as a function of time deldy between pump pulses 1 and 2

and of delayVr of the reference pulse with respect to pulse 3. The delay of pulse 3 to pulse 2
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was W =0.7 ps| R W =830nm and ai¥ = 1.0ps | R ke = 840 nm to suppress non-resonant
responses. For dephasing times comparable or longer than the pulse duration (100fs) a PE signal
is expected in the upper quadrant as indicated by the white line in Fig. 8 (a). The virtually

symmetric data at both excitation wavelengths shows that the dephasing time is significantly
below 100 fs, inconsistent with the above eatad T.,,. We attribute the observed fest
dephasing to the scattering of excitons with the electron background density resulting from a
donor concentration in the order of 1*46m™ ®. Using 4, as given above, the background

density results in a dephasing time of 60fs by exci#tectron scattering, consistent with the

measurements. Note that the broadening of about 21 meV in the absorption model corresponds to
a dephasing time of about §0(FWHM = /T,), consistent with the above estimailehe

presence of background electrons is also affecting the population dynamics as discussed earlier.

D. Modelling of the population dynamics

Fitting the population dynamics with eq. (1), i.e. a sum of exponential decays, is a general
way to extract the dominating time constants of the dynamics and their weight. However, it
assumes exponential decays, which might not be capturing the specific physical process
underlying the dynamics. For our data, taken at temperatures of 80K or higher, we note that
recombination processes are dominated by electron-hole pairs due to thermal ionization of
excitons, and the resulting recombination is bimolecular. To interpret the data in terms of the
carrier dynamics, we have therefore developed a model including the essential ingredients of the
system, which are sketched in Fig®in terms of excitation (a) and relaxation (b) pathways,
considering WZ and ZB sections, donarsd surface traps for holeBhe pathways are captured

in a coupled rate equation model. The model includes (i) optical excitation of electron-hole pairs
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(i) optical interband excitation(iii) intraband relaxation and activation respecting detailed
balance, and (iv) bimolecular radiative andr(xynomolecular non-radiative hole recombination
The coupled rate equati®are given by:

dng
dt

d
d_n{n Jmnf ElmnD T‘l’llnT F{D( r%xc,m Nm im?a,ct) mB] mTJ nprﬂ Nm nP rﬁ by QI m

d
d_nf FoMm PO(Nxep Mo Brach o/ o Mo

d
d_r;r ‘%’lTnm P(t)(rl-))(c,T i ‘%tra,cb) T]pm 'I‘r(| Nt

dps
dt
dpy,
dt
dpy

dt

3

P(t) r"exc,f (nD i nn) intra,ch gfmnf J

‘{Jspm -@;Ps \’pg m

Jmpf SIppS P(t) rl:xc,m r'exc,D r]exc,T 91 i‘ﬂtra,vb D‘% T 'i‘] mw pS J nr Pﬂ

P(t) nexc,f I% intra,vb gfm pf J

The densities of electrons are separated mto highly excited in the conduction band,,, at

the WZ band edge)p , bound to donors, anty , trappedn ZB sections. The densities of holes
are separated int@¢ , highly excited in the valence band, apg, at the WZ valence band edge

and pg trapped at the NW surface (see Fig. 9 (b) on the left) due to band béndirapnsider

excitation pulses of poweP(t) exp Stz/ 21# with a Gaussian broadening of full

F
NEY
width at half maximum o&/8In2 IV 100 f< and the pulse fluende In the simulation we use a

unitlessF, moving the units into the coefficients, with= 1 referring to the highest used pump-

pulse fluence2/f 3.2uJcn?. The excitation densityNgye ¢ is describing the interband
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absorption at the excitation photon enery. is furthermore populated by intraband absorption

(@)

(b)

Figure 9: Schematic sketch of all considered (a) excitation and (b) relaxation/recombi

paths used in the model as described in the text.

wizfrom Ny, Np and Ny, with a transition probability /i, o for F = 1, and in the same way
populated frompy, and pswith the probability /.4 for F = 1, as indicateth Fig. 9 (a). The
electronsn; and holesp; relax with the rateJ,, to the mobility edge as indicated in Fig. 9
(b). Electronsn,, and holesp,, at the mobility edge are generated in pairs by optical excitation

with the densityn,,.,,. Holes Py, are also generated by optical excitation into dorgysand
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trapped state$y in the ZB sections with excitation densitiBg,cp Nexp@ N p/ n@) and
NexcT » respectively. Donor state saturation was taken into account by the (act%r/rbo)
with np, being the donor density in the nanowiresles are captured at the NW surfaqe X
via diffusion and subsequent acoustic or LO-phonon emission Witlb rateJ pgl pdb c$)

The saturation of surface charges by holes was taken into account by the(Taggr p%)
with Pg, being the saturation density of captured holée relaxation of electrong, into Np

or Ny via acoustic orLO-phonon emission and carrier-carrier scattering is considered by the
rates dp  HT oAl (Nm PR/ N g, whereng is the density at which carrier-carrier

and phonon-assisted scattering are compardbieresponding thermal activation processes

respecting detailed balance are added, with raigs (T/ T0)3/2.J ph€Xp( ' p /KT), and

tm 2/ pheXp( ' 1 /MT) respectively, where'p and 't denote the donor binding energy
and average localization energy of electrons in ZB sections, respectively. Tt fa

(T/Tp)¥? gy, in rate o, with Ty = 80K and 8.5/ ,, models the effective density of

ph
states in the conduction band as a function of temperature (the density of donoiisstates

independent of temperature) and the prefactor 8.5 is adjusted to provide detailed balance between

electronsny, in the conduction band with the effective mass®d@#.073m. and neutral donors
Np at a background donor concentration of 28103, The factor 2 in the ratef,, models the
volume ratio of WZ to ZB sections which is approximately 1:2. Trapped Hadeare thermally

activated to the valence band with a ratg 3/ pSeXp( "l op ép 0S)/kT] where the factor
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5 takes into account a surface band bending which affects ~20% of the total NW voluise.

the trapping energy of holes at the surface. The density dependence of the trapping energy

s(d ps/ pg) is modeling the screening of the surface band bending with a saturation density

of Pgg. The saturation ofy has been neglected, motivated by the expected high density of
states in the ZB sections of the nanowires compared to the excitation densities used. We consider

the bimolecular radiative recombination d¥,, Ny, and N with p,, using the ra®

o JnTIT) P2 1 Jr(T 1T A% and B, respectively The factor(T / T,) %2 in the rate J,

(with To = 8K) models the band-band radiative lifetime considering momentum conservation

during radiative recombination of electrons and héte# bimolecular radiative recombination

of n, with surface holes pg is taken into account using rate

m Jm(I'/TO)JB/Zexp( 'l p$/ p§)/kT) differing from the bulk rate by the reduced

thermal occupation of electrons at the surface due to the band beRhldéengon-radiative decay

between mobile electrong,, and holesp,, due to volume defects has been considered by rate

- It is assumed to be monomolecular in the holes considering that due to the high n-doping,

the hole trapping by the defects is expected to be the rate limiting process (see Fi§irg(®@)).
the excitation energies in the experiments are smaller than the band gap of the ZB sections, the

direct excitation of e-h pairs in the ZB sections was neglected.

Any deviation of densities n; (t), ny,(t), np (), nr (D, ps(D, P, ps(9 from quasi-
equilibrium valuesn; , iy, Np, Ny, Bs, Py Ps (With Ny P,  Ps | 0) causesachange of the
susceptibility # £ | . where the real part accounts for changes of the phase of the

transmitted field, while the imaginary part changes the amplitlide.quasi-equilibrium values
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depend on the lattice temperature and on the repetition frequency of the exciting laser pulses and
were therefore determined considering the répetirate of 76 MHz used in the experiments.

The resulting HFWM amplitudes given by

Erwm  BlCeni(D Gudn(d M) CLn{)
Cr(ne() ™) GCopdd Cof phY P) CwpCXl

(4)

with complex constantsCy,, C,, Cp, C;, Cp, Cy C 4 which account for the relative

fer
contribution of the various electron and hole dynamics types. For simplicity we assume that

(besides C;) all constants are solely imaginary and caused by Pauli-blocking, While

represents changes of the refraction index and thus is real. TheBai¢termines the overall

magnitude of the calculated amplitude trace with the experimental data.

For the calculations the relaxation rated 20ps*, Jn 0.14ps’ as well as the
bimolecular recombination rates.J 1.25 10%s'am, 4 2.5 10 °stcni  and

4 5 10u™®stent have been kept constant for all excitation wavelengths and pulse
fluences.The bimolecular rate, corresponds to an exponential detiaye of 1ns at 20K at a

hole concentration of uld® cm 2 compatible with earlier time-resolved measurements at low

temperaturé® % 4, The rate 4 corresponds to an exponential decay time @z at a hole
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Figure 10: Quantum vyield as a function of temperature (full blue circles) obtained fron
normalized spectrally integrated PL intensity from Fig. 2. The squares show the derive

4 for temperatures 80, 150, 210 and 270K using eq.T(8).inset shows the total photd

emission rate for temperatures as labeled, as function of time after excitation.

wLaconcentration oftl uld® ¢cm 3 which is compatible with recent time-resolved measurements

revealing lifetimes up to 100ns at 2tfkand with the long decay times Dbtained in section

II.B.1. For rates 4, and 4, the binding energy of ' 7meV ° and an average trapping

energy 1 25meV consistent with the observation of induced absorption (see Fig. 3 (c)) were
chosen. The total donor concentration was satgo 1 1d° cm ®. The saturation density of
trapped surface holes was assumed tq)goe 4 10d cm 3. Intraband transition probabilities

Jntraco @nd finracp Were taken to be 0.05 for all excitation wavelengffsr the rate 4, a

trapping energy of § 200meV was used, providing surface trapping even at 280Kh is
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important obtain the observed long lifetimesat high temperature¥he non-radiative ratef,

due to volume defects was determined matching time-integrated photoriwuqemission

34y v My B Pm VP S, calculated with eq. (3),to the measured

temperature dependence of the spectrally integrated PL intensity evaluated from Kig. 2
guantum yield of near unity was assumed for the PL at 20K. The experimentally observed

temperature dependence of the quantum vyield is shown as blue full circles in Fig. 10. The red
squares in Fig. 10 show the derived ratgs for temperatures 80, 150, 210 and 270Ke
calculated total photon emission rathny M WPy Fm Pm P at low incident

pump fluence (F = 0.1) is given in the inset of Fig.10 at temperatures as labeled, as function of

time after excitation.

Table 1: Values of all parameters used to calculate the HFWM decay curves with eq. (3) and (4)

at different excitation wavelengths, excitation fluences and temperatures as described in the text.

Wavelength: 830 nm 840 nm 850 nm 860 nm 850 nm 860 nm 870 nm
Temperature: | 80 K 80K 80K 80 K 150 K 210K 270 K
Nexc ¢[em?] 0.4x10° 0.1x10° 0 0 0 0.1x10° | 0.1x10°
Nexemlcm?] 1.6x10° 1.1x10° 0.2x10° 0 0.7x10° | 1.1x10° | 1.1x10°
Nexcep [cM?] 0.4x10° 0.37x16° | 0.08x13° |0 0.26x106° | 0.37x10% | 0.37x10°
Nexc [CM] 0.15x1G° | 0.15x10G° | 0.15x13° | 0.06x10° | 0.15x10° | 0.15x10° | 0.15x10°
Jntravh 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Jrtrach 0.05 0.05 0.05 0.05 0.05 0.05 0.05

Hn [ps] 20 20 20 20 20 20 20
\{)h[psl] 0.14 0.14 0.14 0.14 0.14 0.14 0.14
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"{)S [ps] 0.02 0.02 0.02 0.02 0.02 0.02 0.02
J [ns?] 0.83 0.83 0.83 0.83 5.9 111 16.7
J,[scn?] 1.25x10° 1.25x10° 1.25x10° 1.25x10° | 1.25x10° | 1.25x10° | 1.25x1C®
4 [sten?] 2.5x108 2.5x108 2.5x108 2.5x108 2.5x10° 2.5x10° 2.5x108
4 [s'en] 5x10-1° 5x10°1° 5x10°1° 5x10-1° 5x10°1° 5x10-1° 5x10-1°
Ce 5.2i 5.2i 5.2i 5.2i 5.2 5.2 5.2i
Che 2.0i 2.0i 2.0i 2.0i 2.0i 2.0i 2.0i

Cp 1.3i 1.3 1.3i 1.3i 1.3i 1.3i 1.3i
C:F=1 0.1 0.2 0.2 0.2 0.5 0.5 0.7
F= 0.6 0.2 0.4 0.4 0.6 0.7 0.7 1.0
F=01 0.6 0.8 0.8 1.0 0.9 0.9 1.2
Co 0.8i 0.8i 0.8i 0.8i 0.8i 0.8i 0.8i
Cih 0.8i 0.8i 0.8i 0.8i 0.8i 0.8i 0.8i
Ca 5.2i 5.2i 5.2i 5.2i 5.2i 5.2i 5.2i

Figures 11 (a) to (d) show a comparison of model calculations (dashed lines) with

experimental traces at T=80K obtained at differegt and pulse fluences as labeled. Fqy;

=10meV (Fig. 11 (a)) the excitation deysivas divided into Ny,

Nexem 1.6 16° am®at maximum pulse fluende= 1.
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Figure 11: Comparison of calculated HFWM traces (dashed black lines) obtained fron
DQG ZLWK H[SHULPHQWDO GDWD IX0O0O OLQd+\
830nm, (b) 840nm, (c) 850nm and (d) 860nm at various excitation fluehgéb as

labeled.

To estimate the excitation of donor bound transition a band was introduced to the absorption

model described in chapter C with a FWHM of 21 meV at 1.481eV using an excitation density of

Nexco 0.4 16° cm® atF = 1. For the excitation density of WZ/ZB e-h pairs a value of

Neer 0.15 16° cmd was used, determined from the ODOS (see Rigntégrated up to

15meV below the gap energy. The resulting HFWM amplitude u€ipg 5.2, C,. 2.0,
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C, 13,Cy 08, C, 08,Cq 52 andC; 0.1 is shown in Fig. 11 (a) as dashed
line,, for pulse ratiod1 o/ lo =1, 0.6 and 0.1. In these calculations all parameters described above
as well as the proportionality factBrwere kept the same with the exceptionf which was
increasedrom 0.1 to 0.2 and 0.5, respectivetg achieve agreement with the experimental data.
A summary of the parameters used in the simulations is given in table 1. ffer7meV (see

Fig. 11 (b)) we usedl,; 0.1 16° am®, nye, 1.2 16° am?® n,p 0.37 16° cmt
according to the spectral overlap of the excitation pulse. The excitation density of
Nexer 0.15 16° cmd was kept constant. The parameters were kept the same g
=10meV except fo€; which was changetb 0.2, 0.4 and 0.for F = 1, 0.6, 0.1, respectively.

The dashed lines in Fig. 10 (b) show the resulting HFWM amplitude curves for different pump

pulse fluences as labeled. Fofy =-20meV (see Fig. 11 (c)) we usedg O,
Nexem 0.2 16° cm®, ng,p 0.08 16° cmd and ng,r 0.15 16° cmd according to

the spectral overlap of the excitation pulse. Th@arameters were kept the same ‘g% =-
7meV. For "\ =-42meV (see Fig. 11 (d)) we uség.t, Nexgm and Neyp equal to zero and
Nexer 0.06 16° cmB according to the reduced overlap of the excitation pulse with the

ODOS tail. TheC parameters were kept the same'gg=-20meV except; = 0.2, 0.6 and 1.0

was used for F =1, 0.6, 0.1, respectively.
We find a general agreement of the calculated HFWM curves with the experimental data.

Remaining deviations in the dynamics at delays above 30ps are attributed to the consideration of

only one type of trapped ZB electrons described by the average localization efergymeV.
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A more realistic consideration of a distribution of trapping sites with varying trapping energies
and transition rates creating a distribution of decay times would likely remedy these deviations.
However, the concurrent increase in the number of fit parameters would reduce the clarity of the
results

The coupled rate equations (3) allow analyzing the dynamics of densities

N¢, Ny Moy B, Bsy Py Py Figure 12(a,b) and (c,d) show an example of the calculated differences

of carrier densities from their equilibrium values and the density rates' fpr10meV at

maximum pulse fluencé: o/ Io = 1 and at lowest fluenck o/ lo = 0.1, respectively

We discuss the results starting wilky/ lo = 1. The relaxation of the free electrons and holes
is so fast that they relax within the excitation pulse duration to the mobility edge, and no
significant free density builds up. The electr@asthe mobility edgen,, relax within the first
picoseconds into the donag and trapped ZB statas: . This decay corresponds T1 of 0.7 ps
of the multi-exponential fit (see eq. (20 the population dynamics shown in Fig. Bhe
corresponding ratesf,pn, and J,n, are shown in Fig. 12 (b) as dashed cyan and blue lines.
After about 1psh, is sufficiently depleted so that thg thermally activate intay, and then
relax inton;. Thermal equilibrium in the conduction band, betwegn n;, andnp, is reached
after about 10 ps as can be seen by the merging taies,and $,np , and of Jnpand Ny
, Creating detailed balance. At about 5ps, the surface trapped holes come into thermal
equilibrium with the mobile holes, as can be seen by the merging of the trappinggmeand
thermal activation rate,ps. The surface hole densitys is closeto the saturation densifys
. After intraband thermal equilibrium is established, the dynamics is dominated by the
recombination of mobile holes. The non-radiative recombination is dominating (solid red line),
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as dictated by the low quantum vyield of about 2% at this temperature. The radiative

recombination is dominated by the electrons in the ZB sections and the donor states, consistent
with the observed PL spectrum (see Fig.2). The decay reduces the trapped hole density, which
reduces the screening, and consequently decreases the thermally excited mobile hole density

exponentially This dramatically reduces the recombination for times alswvenosecond.
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Figure 12: Calculated dynamics ofis (), Ny (1), np (), fr (9, ps(D, p( 0, ps() for T=80K

Onm at (a) an excitation fluence2/ lo = 1 and (c) at
l12/ lo = 0.1 using eq. (3). The corresponding density rates are given in (b) an

respectively. Processes of excitation (dash-dotted), relaxation (dashed), thermal ag
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Turning now to the results fok o/ lIo = 0.1 shown in Fig. 12 (c,d), the initial dynamics up to
about 5ps shows a reduced decay rate due to the reduced carrier-carrier sdatigoiantly,

since the photoexcited hole degsi;, is smaller than the saturation density of surface hpies

the thermal activation is slower due to the larger activation energy, leading to a hole
thermalization only after about 50pEhe subsequent population dynamics on the nanosecond

time scale is again governed by the non-radiative recombination between mobile electrons and
holes, fed by thermal activation of trapped electropsand holespg. It is slower due to the
reduced screening of the surface trapping potential.

wL7fFor excitation below the mobility edgat '\=-7, -20, and -42meV, the population

essentially remains the same but the decay rates are reduced due to the reduced inter-band

excitation density. Fig. 13 (a) and) (how as example the dynamics of densities at fluences
l1,2/ lo = 1 for 'y, =-7 and -42meV, respectively, revealing decreasing initial decay ratgs of
and p,. The reduced screening of the surface trapping poteetals to an increased hole

thermalization time of 100ps foly, = -42meVand provides a slower recombination dynamics.
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Figure 13: As figure 12, but for Onm(ab DQG DWnm (cd) at an excitation

fluenceli o/ lo=1

The temperature dependence of the modeled dynamics is shown in Figures(} ¢wing

the calculated HFWM amplitude and the experimental data obtained at 150K, 210K and 270K.
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270K and various excitation fluencésy lp as labeled.

wroBesides using the determined non-radiative raﬁés as a function fotemperature (see Fig.
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all other relaxation and bimolecular rate constants were kept equal To=tl8®K calculations.

For T = 150K we usedngg 0, Nyem 0.7 10° cm® n,p 0.26 16° cmd and

0.15 10° cmd according to the pulse overlap with the exciton and donor transition
r-'ext;T

bands. In addition paramet€r was adjustedo 0.5 At 210K and 270K we have' p, ~ -
10meV , so that we used the same excitation densities and imaGiparameters were used

for 'y ~- 7meV atT = 80K. The C; values were adjusted to (6T = 210K and to 0.7 &af =

270K. (A summary of the used parameters is shown in table 1). As mentioned earlier the
consideration of a distribution of ZB electrons with varying trapping energies and transition rates
would likely lead to a better agreement between the calculation and the experimenfBhelata.
calculations also reproduce the data at lower pump pulse fluences (see Figsz({) {a)F =

0.6 and 0.1) using the same parameters &s ot but increasing, values as shown in table 1.
The resulting densities;, Ny, Np, Br, Ps, Py, Py at different temperatures are shown in Fig.

15 (a) and (cfor a fluence ofl1 o/ lo = 1 for 150K and 270 K and the corresponding rates are
given in Fig. 15 (b) and (d). The main temperature dependence is a shortening of the
thermalization times due to the faster thermally activated rates, yielding about 10ps for electrons
and holes at 150K, and 5ps at 300KDue to the large trapping energy of the surface holes,
which can be screened by the surface hole density, the longer dynamics remains remarkably
independent on temperature, as there is an equilibrium density of surface holes established by the

pulse repetition rate, which screens the trapping energy and thus modifies the thermally activated
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population of mobile holes, to adjust the average decay rate to match the average excitation rate.

1.0 '(a) T=150K I1,2 !J 1 1 15 _(b) |1,2 L 1 _
: T=270K
£ O= 870 nm !
3] — P,
q Ps()-Pg
o - .
3 (\ 1.0 n, (-7,
‘w051 ny()-A,
2 n, (-7,
2 / 0.5} n®
(]
©
0.0 _JL. - -

= 10f(b) =+ =P,
& 4} ,‘I‘. MY
O?E "": = om om g -~ - - - ‘)nDnm(t)
S 0lp L R Srmmmee - O
S 001f L PO
Z1e3f 1050
qm:: 14l U 1m0
l ~
= . P
S 1es5f )/} - o
b -/ ‘Rrpm(t)
‘@ 1E-6F 1|/} —n.0Op,0
L 1E7) ! / i 0, 0P
El !
1E_8 1 1 1 ys L L 2 1E_8 3 '/ ‘E)nD(t)pm(t)
05 00 05 1.0 10 100 1000 05 00 05 1.0 10 100 1000 —In,Mp, O
probe delay \Y [ps] probe delay VY [ps]
Figure 15: As Fig. 12, but for T = 150K, Onm(ab) and 7 : 870nm(c,d)

and an excitation fluencé o lo = 1.

V. CONCLUSIONS

We studied the dephasing and population dynamics of e-h pairs in polytype InP nanowires
using three-beam HFWM, for excitation densities in th&-10'® cm® range and temperatures
from 80K to 270K. The population dynamics shows processes with time constants spanning the
full measured range of timescales, from 100fs to 100ns. With increasing excitation density the
faster components in the sub-nanosceond range get more prominent. The dynamics has been
interpreted by a coupled rate equation model which considers wurzite and zincblende electron
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states, donor electron states, and band bending trappingtthessurface. Intraband scattering
rates respecting detailed balance are used, and screening of the band bending. Bimolecular
recombination leads to interband relaxation, and is separated into radiative and non-radiative
processes using non-radiative rates taken from the measured temperature dependent quantum
yield. The model reproduces the essential features of the experimentally observed dynamics at
different excitation wavelengths, pump-pulse fluences and lattice temperatures. Important
conclusions are that intraband thermalization is reached within 5-50ps, after which the non-
radiative recombination dominates the dynamics. Notably, the screenable surface band bending
results in long lived spatially separated carriers, hagidgnsity which self-adjusts to balance
the time-averaged excitation and recombination rates. In experiments with high repetition rates,
often used in the literature, this providgshotogenerated, spatially separated background carrier
density important for the measured dynamics. The model can be used and expanded in the future
to interpret the carrier dynamics of similar structures. Using the amplitude and phase of the
FWM data would result in a better separation of the difference processes, and an explicit fit of
the model to the data could retrieve the free parameters in a more reliable fashion.

Photon echo experiments at T = 80K reveal an exciton dephasing time of less than 100fs,
while a time of several hundred fs is expected. We attribute this shorter than expected dephasing
time to exciton-carrier scattering which is consistent with the typical donor concentration in

these InP NWs in the order of 1X2@m 6,
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