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Charge and spin transport over record distances in GaAs metallic n-type nanowires

We have investigated charge and spin transport in n-type metallic GaAs nanowires (≈ 10 17 cm -3 doping level), grown by hydride vapor phase epitaxy (HVPE) on Si substrates. For this doping level, charge and spin transport might appear difficult because of the expected localization of minority holes in the valence band potential fluctuations generated by statistical fluctuations of the donor concentration. In contrast with these expectations, it is found, using spatially-and spectrallyresolved investigation of the luminescence intensity and circular polarization under laser excitation, that charge can be transported over record distances larger than 25 µm at 6K. Establishment of a charge thermodynamic equilibrium between the photoelectrons and the Fermi sea occurs over a distance from the excitation spot of 2 µm. At this distance, the spin polarization is still observed, implying that photoelectrons have preserved their spin orientation and that the two spin reservoirs remain distinct. Spatially-resolved Investigations show that a photoelectron spin polarization of 20% can even be transported over a record distance of more than 20 µm. This finding has potential applications for long distance spin transport in n-type doped nanowires.

I. INTRODUCTION

The investigation of transport in systems of reduced dimensionality such as nanowires (NWs) is of interest both for fundamental reasons and for applications to solar cells [1], lasers [2], quantum computing [3] and spintronics. In silicon, time-resolved experiments have shown that photocarriers can be transported over ≈ 1 µm [4]. For GaAs, the largest charge diffusion length is of 4 µm at LT in quantum NWs [5]. However, most reported values at LT [6][7][8][9] and RT [10] are in the submicron range. Finally, spin transport has to our knowledge been little investigated.

N-type GaAs NWs on the metallic side of the Mott transition appear as a promising system for spin transport because of the large spin lifetime [11,12]. The efficiency of the Dyakonov-Perel process, which is dominant at this doping level, is likely to be further reduced if the axial NW direction is <111>, since the latter process is inefficient if the k vector lies along <111> [13]. A spin diffusion length as large as 10 µm has been reported for bulk n-type GaAs on the insulating side of the transition [14].

At this doping level, there appear tails in the valence and conduction band, due to statistical fluctuations of donor concentration [START_REF] Efros | Proceedings of the International Conference on Physics of semiconductors[END_REF][START_REF] Shklovskii | Electronic Properties of Doped Semiconductors[END_REF][START_REF] Borghs | [END_REF]. Investigations have considered luminescence analysis of bulk samples [18], as well as transport of majority carriers on bulk materials, using macroscopic tools such as conductivity measurements [19][20][21]. It has been predicted that disorder in one dimensional semiconducting systems can lead to freezing of the spin relaxation [22]. On the other hand, because of the efficient relaxation of the hole kinetic energy [23,24] and because of the difficulty of holes to undergo tunnel processes due to their large effective mass [18], holes may stay trapped in the potential fluctuations. This may strongly reduce the distance over which minority carriers can be transported.

In the present work, we use metallic NWs of ≈ 10 17 cm -3 doping level, of exceptional quality and length, produced using Hydride Vapor Phase Epitaxy [25][26][27]. The NW is excited by a tightly-focussed circularly-polarized laser and the luminescence intensity and polarization are monitored at 6K with spatial resolution along the NW [28]. This allows us to investigate charge and spin transport along the NW. As shown before [29], this approach has similarities with time-resolved luminescence investigations [30], but is more appropriate to describe charge and spin transport.

We show that, for these NW's and at variance with the expected localization of minority carriers, NW's on the metallic side of the Mott transition appear as very promising candidates for charge and spin transport. Because of the strong difference between the electron and hole mobilities, there appear large internal electric fields of ambipolar origin which themselves induce a redistribution of the Fermi sea. These electric fields incfrease the hole mobility, so that minority holes can be transported in the bandtails over lengths as large as 20 µm. Photoelectrons are also transported over similar distances, without loss of their spin oritentation, so that a spin polarization as large as 20 % is measured at such large distance.

We also investigate, as performed before for bulk materials [31] and heterostructures [32], to what level the presence of a Fermi sea of spin-unpolarized intrinsic electrons affects charge and spin transport in the NW. It is shown that thermodynamic equilibrium between photoelectrons and the Fermi sea is established after a small distance of 2 µm, but that the two spin reservoirs remain distinct up to 20 µm.

In the same way as for electrolyte cells with which the present system has close analogies [33], several phases appear in the spatial profiles, which depend on excitation power. These phases are caused by the appearance of an excess of charge in the Fermi sea near the excitation spot, along with a converse depletion at a distance, depending on excitation power, between 2 and 10 µm.

This paper is organized as follows. The following section is devoted to a background on transport in NW's and to experimental aspects. Sec. III is devoted to experimental analysis of the establishment of a charge equilibrium between photoelectrons and the Fermi sea. Sec. IV contains an experimental analysis of the spatial profiles, and its interpretation using the spatial distribution of internal electric field and of the Fermi sea. In Sec. V, we present an investigation of spin transport along the NW, while Sec. VI contains a discussion of the various spatial phases which appear in the NW.

II. PRINCIPLES A. NW growth and preparation

Here, we study gold-catalyzed NWs, HVPE-grown on Si(111) substrates at 715 • C. These NWs have a length of several tens of µm and are characterized by a pure zinc blende structure, free of polytypism and cristalline defects [25,26]. Since the HCl flux injected inside the reactor produces SiCl 4 which acts as a doping precursor, the NW have a donor doping level N D in the low 10 17 cm -3 range, weakly dependent on NW diameter [27]. This value is about one order of magnitude larger than the one of the Mott transition [19][20][21]. This value has been obtained from an analysis of the shape of the luminescence spectrum, by Raman analysis [34] and using a mapping of the luminescence intensity (see supplementary material).

Immediately after growth, the NW were capped with a thin layer of nitride at the GaAs surface which reduces the surface oxidation under air exposure and decreases the surface recombination velocity [35,36]. This was performed by introduction without air exposure into a UHV chamber and treatment at 300K by a nitrogen plasma produced by a commercial electron cyclotron resonance source (SPECS MPS-ECR) operating in atom mode at a pressure of 2.5.10 -5 mbar and described elsewhere [37]. In order to obtain a homogeneous nitridation on the NW surface, the angle between the source and the substrate surface was kept at 45 • for 1h and at -45 • for 1h.

The NWs, standing on the substrate, were mechanically deposited horizontally on a grid of lattice spacing 15 µm. An optical microscope was used to note the coordinates of the individual NW. As found by scanning electron microscopy, the NW used here had a length of 80 µm and a diameter of ≈ 220 nm. Since for this doping level, the width of the surface depletion region is of the order of 90nm, this leaves a central undepleted region of diameter ≈ 40 nm, from which the luminescence is detected.

B. Background on luminescence of metallic n-type GaAs

In a sphere of radius R, the statistical fluctuation of the mean number of donors N, given by N = 4πN D /(3R 3 ), is √ N , so that the potential fluctuation is √ N q 2 /( 0 R) where is the static dielectric constant, 0 is the permittivity of vacuum and q is the absolute value of the electronic charge [START_REF] Efros | Proceedings of the International Conference on Physics of semiconductors[END_REF]. These potential fluctuations result in spatial fluctuations of the bottom of the conduction band and of the top of the valence band. These fluctuations are screened by mobile carriers. Within the Thomas Fermi (TF) 3D model the screening concerns fluctuations of extension larger than

r s = (1/2) a * 0 N 1/3
D ≈ a * 0 where a * 0 is the donor Bohr radius [38][39][40].

For N D ≈ 10 15 cm -3 , one merely observes a broadening of the donor band. In contrast, for the present doping level N D ≈ 10 17 cm -3 , the fluctuations generate a tail lying lower than the conduction band (see left panel of Fig. 1) [41]. The amplitude of this tail is of the order of ∆E c ≈ 8 meV , i. e. comparable with the donor binding energy, while the density of states ρ c ( c ) increases linearly as a function of energy c with respect to the bottom of the tail [41]. The valence band also exhibits a tail of amplitude ∆E v ≈ 8 meV, with a density of states ρ v ( v ) increasing also linearly with increasing energy with respect to the top of the tail v .

A key specificity of semiconductors near the metalinsulator transition under light excitation is that the dynamic properties of the two types of carriers in the fluctuations are very different [18,42]. Because of the small electronic mass, electronic diffusion by tunnel processes from one well to the other one is quite efficient. Thus, the electronic reservoir is characterized by a thermodynamic equilibrium defined by a quasi Fermi level. The fact that the NW is metallic implies that elctrons at the Fermi level are mobile, so that the mobility level which defines the limit between mobile and trapped electrons, lies below E F .

On the other hand, photoholes tend to get trapped in the potential wells, since relaxation of their kinetic energy occurs in a short characteristic time of 1 ps [23,24], where tunneling processes are less probable because of their large effective mass.

The characteristics of recombination in this disordered system are described in Appendix. At a given radial r and axial position z in the NW, the intensity, obtained by integration of Eq. A3 over energy E, is of the form

I main = Kn 0 p. ( 1 
)
where K is the bimolecular recombination constant. In the same way, the intensity of the emission due to recombination between photoelectrons and photoholes is

I hot = K hot np. ( 2 
)
where K hot is the corresponding bimolecular recombination constant. given axial position z along the NW is obtained by averaging over the radial coordinate r.

C. Conservation equations for charge transport

As shown in Ref. [START_REF] Baranovskii | Charge Transport in Disordered Materials[END_REF], even for hopping transport, it is possible to define effective mobilities and diffusion constants. Charge transport in the NW is described by two conservation equations. The first one is the diffusion equation for minority holes.

g -Kn 0 p -K hot np - p τ nr + ∇[D h ∇p + µ h p E] = 0. ( 3 
)
Here g is the rate of creation of electron-hole pairs, τ nr is the nonradiative recombination time, D h is the hole diffusion constant, µ h is the hole mobility and E is the internal electric field. The electron diffusion equation is

g -Kn 0 p -K hot np - n τ nr + ∇[D e ∇(n + δn 0 ) + µ e (n + n * 0 ) E] = 0. ( 4 
)
where D e is the diffusion constant and µ e is the electron mobility. This equation expresses the known fact [START_REF] Smith | Semiconductors[END_REF] that the diffusive current concerns the departure from equilibrium of the total electron concentration, where δn 0 = n 0 -N D is the light-induced change of the concentration of intrinsic electrons. The drift current concerns the photoelectrons and the fraction of the Fermi sea, which can participate to drift currents, of concentration n * 0 ≈ n 0 k B T e /E F e . Here q is the absolute value of the electron charge, k B is Boltzmann's constant and E F e is the electron Fermi energy. If the internal electric field E is negligible in Eq. 3, hole diffusion is unipolar and is decoupled from electron diffusion. Resolution of the resulting equation leads in the present case to a featureless exponential decay of photocarrier concentration (see supplementary material).

It is however known that electrostatic interaction between mobile negative and positive charges [START_REF] Smith | Semiconductors[END_REF][START_REF] Cadiz | [END_REF][46][47] can lead to nonexponential intensity spatial profiles [48]. Comparison of Eq. 3 and Eq. 4 gives the ambipolar electric field

E a = (D h -D e ) ∇p µ e (n + n * 0 ) + µ h p + D e ∇(n + δn 0 -p) µ e (n + n * 0 ) + µ h p (5) 
This equation allows us to write Eq. 3 as a drift-diffusion equation with an ambipolar diffusion constant given by

D a = µ e (n + n * 0 )D h + µ h pD e µ e (n + n * 0 ) + µ h p (6) 
The effective diffusion length is L a = √ D a τ h , where the hole lifetime τ h is given by 1/τ h = K hot n + Kn 0 + 1/τ nr .

In the present case these equations can be simplified for two distinct reasons. Firstly, although minute departures from neutrality are possible, caused by internal electric fields, it has been shown [START_REF] Cadiz | [END_REF], that charge neutrality is valid so that p ≈ δn 0 + n (7) This implies that the second term of Eq. 5 can be neglected. Secondly, taking a typical value of the diffusion constant of 100 cm 2 /s [29], the photocarrier concentration n at the excitation spot is of the order of 10 14 cm -3 for the weakest excitation power used below. The fact that the result is several orders of magnitude smaller than the doping level and the fact that possible departures from the monomolecular regime at the highest excitation power are not observed allow us to conclude that n << n * 0 < N D and p << n * 0 < N D throughout the excitation power range. In this case D a ≈ D h and L a = √ D h τ h so that unipolar diffusion takes place. As a result, the electric field can be approximated by

E a ≈ (D h -D e ) ∇p µ e n * 0 + µ h p (8) 
This equation expresses the fact that the difference of hole and electron diffusive currents is equal to the difference of the corresponding drift currents. Assuming D e > D h , this field is directed outwards and proportionnal to the slope ∇p of the nearbandgap line . for which the intensity is given by Eq. 1.

FIG. 2. Scheme of the experimental setup, showing a scanning electron microscope picture of the NW and a 3D picture of the CCD image at 6K for an excitation power of 9 µW. The image exhibits 3 main emissions, including the nearbandgap luminescence near 1.52 eV and two less intense bands due to recombination at residual acceptors. Section of this image along the X axis, perpendicular to the entrance slit (dotted curve), gives the luminescence spectrum at a given position in the NW.

D. Experimental

The experimental setup is sketched in Fig. 2. The excitation light is a tightly-focused, continuous-wave, laser beam (Gaussian radius σ ≈ 0.6 µm, energy 1.59 eV). The luminescence light is focused on the entrance slit of a spectrometer equipped with a CCD camera as a detector.

For spatially-resolved spectral analysis, one monitors the image from the CCD detector. A typical image, taken for a NW temperature of 6K, is shown in Fig. 2 for an excitation power of 9 µW [START_REF]Since the NW diameter is smaller than both the excitation spot and[END_REF]. Here, the NW is adjusted so that its image by the detection optics is parallel to the spectrometer entrance slit (axis Z). Thus, section of the image along the perpendicular axis X gives the luminescence spectrum at the corresponding position on the NW. In the same way, section of the image along an axis parallel to Z gives the spatial profile of the emission at the corresponding energy. As shown in Fig. 2 and in agreement with previous work [28] , the spatial profiles extend well beyond the zone of optical excitation (≈ 0.6 µm), so that the monitoring of the emission as a function of distance gives information on evolution of the photocarrier charge and spin reservoirs during transport away from the excitation spot.

Liquid crystal modulators were used to circularlypolarize the excitation laser (σ ± -helicity), in order to generate spin-polarized photoelectrons and to selectively detect the intensity I(σ ± ) of the luminescence components with σ ± helicity. Since photoholes as well as intrinsic electrons are spin-unpolarized, the band-to-band luminescence is expected to be also circularly-unpolarized. Conversely, for recombination with spin-polarized photo-electrons, one monitors the difference signal

I D = I hot (σ + ) -I hot (σ -) = K hot P i s. ( 9 
)
where P i = ∓0.5 for σ ± -polarized excitation. This signal is related to the photoelectron spin density s = n + -n -, where n ± are the concentrations of photoelectrons with spin ±1/2, choosing the direction of light excitation as the quantization axis. Finally, the ratio P = I D /I S is defined as the degree of circular polarization of the luminescence and is P = P i s/n. The luminescence image shown in Fig. 2 consists in three bands. The band related at 1.49 eV is due to residual carbon acceptors [START_REF] Kisker | [END_REF]51]. The band near 1.46 eV, possibly caused by carbon acceptors perturbed by nitrogen atoms originating from the surface passivation [52,53] has properties very close to the former one. Investigation of the spectral and spatial properties of these emissions can be found in the Supplementary Material. Analysis of the nearbandgap emission is performed in the following section. .

III. SPECTRAL AND SPATIAL CHARACTERISTICS OF THE NEARBANDGAP EMISSION

Fig. 3 shows the intensity spectra for an excitation power of 45 µW and for selected distances to the excitation spot. The present section contains a qualitative analysis of the spectrum at z = 0, shown in Panel A. Quantitative analysis can be found in the Appendix. This spectrum is composed of a main line near 1.515 eV labelled M, of a shoulder at 1.519 eV labelled S and of a high-energy tail, above 1.52 eV, labelled H.

A first indication on the nature of these lines is given by their degree of circular polarization. Fig. 4 shows the difference spectra in the same conditions as Fig. 3 as well as, for each distance, the polarization spectra. The spectrum shown in Panel A of Fig. 4 exhibits, as already reported before [11] a weak polarization of the M line. This is because line M is due to recombination of spin-unpolarized photoholes with intrinsic electrons. Indeed, because of band filling, electrons lying below the Fermi level cannot be spin-polarized. Conversely, lines S and H are polarized and are therefore due to recombination of spin-polarized photoelectrons at the photoelectron quasi-Fermi level and above this level, respectively. This interpretation is confirmed by the power dependence of the intensities of these lines (Appendix A), according to which, in agreement with Eq. ( 1), the intensity of line M is proportional to excitation power, while, according to Eq. ( 2), that of line H is proportional to the square of this power.

Such fine structure of the nearbandgap emission has already been reported, mostly for pure GaAs, where a line similar to line S has been attributed to excitons, or biexcitons [38,[54][55][56]. Because of screening of the electronhole interaction, this structure strongly decreases upon increasing doping, since the exciton absorption peak disappears for N D > 10 16 cm -3 [57]. For more doped materials, a relatively weak shoulder at a slightly higher energy of 1.525 eV has been reported [38], and tentatively attributed to a Fermi edge singularity [START_REF] Borghs | [END_REF]58] . However, these interpretations do not hold for the present case. This is shown using a simple spatiallyresolved spectral experiment, which leads to the conclusion that line S is only visible in the vicinity of the excitation spot. Shown in the top panel of Fig. 5 are the intensity spatial profiles of line M for increasing excitation powers, but without any normalization. While discussion of these profiles is postponed to Sec. IV, it is noted here that the emission intensity of Curve a at z = 0 is the same as for Curve b at z = 4.9 µm. and for Curve 3, but for the difference spectra. Also shown are the polarization spectra, defined as the ratio between difference signal and intensity. Note that, at large distance (Panel D), component S is still the dominant feature of the difference spectrum, whhile it has disapeared from the corresponding intensity spectrum .

c at z = 14.5 µm. These three situations, marked by arrows in Fig. 5, correpond then to similar photoelectron and minority hole concentrations and only differ by the distance to the excitation spot. If line S was caused by recombination of one of the electronic species described above, one would expect to observe similar magnitudes of line S. Such hypothesis is contradicted by the experiment. As shown in the bottom panel, although lines M and H are very similar for the three spectra and nearly disappear in the difference a-c, line S is only observed at z = 0.

These results show that line S is a transient spatial feature occuring during transport away from the excitation spot and reflecting irreversible establishment of equilibrium occuring after generation of electron-hole pairs. This equilibrium concerns the photoelectron gas since the hole energy relaxation time is quite short and smaller than 1 ps [23] and since establishment of equilibrium among the hole gas would also affect line M. Fig. 3 shows that line S disappears over a characteristic distance of ≈ 2 µm so that the spectrum shown in Panel D mostly exhibits line M, with a weak residual H signal above 1.52 eV. For quantitative analysis, the spectra were decomposed into elementary contributions, as shown in Appendix. the resulting spatial profiles of line S are shown in Fig. 6 for several excitation powers. The decay is slower than that of the laser spatial profile, shown in Curve d of Fig. 6, implying that the spatial dependence of these spectra are not directly related to the photocarrier creation rate but to evolution of the photocarrier system during transport. As seen from Fig. 6, the characteristic distance for establishment of equilibrium relatively weakly depends on excitation power and increases by less than a factor of 2 between Curves a and c, while the excitation power has increased by two orders of magnitude. The fact that the resulting increase of the heat capacitance of the photoelectron reservoir has little effect on the photoelectron dynamics suggests that, even for the maximum power, the photoelectron concentration is smaller than that of the Fermi sea. The slowing down of the interaction between the two types of reservoirs could be caused by screening of the interactions between electrons by mobile charges [59].

In order to interpret these results, it is recalled that the first dynamic process which occurs after creation of an electron in the conduction band is emission of an optical phonon. This emission has been found to occur in a time of ≈ 0.2 ps [60]. Although this time may be larger at high excitation power because of screening of the electron-phonon interaction [61], the observation of a significant S signal at z = 0 suggests that emission of optical phonons is complete before diffusion out of the excitation spot.

Electron-electron collisions are known to enable efficient establishment of equilibrium among the electron gas. The time for collisions between electrons has been calculated including screening by an electron hole plasma and found smaller than 1ps independently on concentration and temperature, although the present values of concentration and temperature have not been considered [62]. Experimentally, the time for establishment of equilibrium between photoelectrons and a Fermi sea of electrons has been found to be shorter than 30 fs. However, this was found in a modulation-doped structure i.e. without screening by charged donors [31]. Thus it may be believed that establishment of equilibrium among photoelectrons occurs before they leave the excitation spot.

The present experimental results show that, in contrast, equilibrium between the photoelectrons and Fermi edge intrinsic electrons only occurs after a distance of 2 µm. The slower establishment of equilibrium with the Fermi sea is consistent with the experimental finding that the interaction between photoelectrons and the Fermi sea, rather than occuring through single particle processes, modifies the equilibrium of the overall Fermi sea [32]. This suggests that, at the excitation spot, the equilibrium of the photoelectron reservoir may be a Boltzmann-like with a temperature distinct of that of the Fermi sea. Further evolution consists in equalization of the two temperatures. The relaxation of the photoelectron temperature towards equilibrium has been shown to be much slower than the above processes and to occur in a characteristic time larger than several tens of ps [63] i. e. comparable with the above estimate for transport up to 2 µm.

IV. CHARGE TRANSPORT ALONG THE NW A. Results

Fig. 7 shows, for selected excitation powers, the spatial intensity profiles at 1.515 eV (Curves a, line M) and at 1.529 eV (Curves b, line H). The spatial profiles of line M exhibit a rapid decrease over a distance of 2 µm. Although this distance is slightly larger than the spatial extent of the laser (also shown in the bottom panel), the decay reveals that some holes are weakly diffusing and tend te recombine near the excitation spot. A key result is that the amplitude of this decrease is small at low excitation power, in which case, the profile is dominated by a slow tail. Since line M is due to recombination of mnority holes with the Fermi sea, this implies that minority carriers have been transported away from the excitation zone over a distance as large as 20 µm. The relative importance of this decay decreases with increasing power, so that at the highest power, the aplitude of the tail is one order of magnitude smaller than the signa at z = 0 the amplitude decay extend far beyond the spatial profile of the laser excitation , Four distinct regimes, labelled I-IV in Panel C, can be distinguished. At the smallest excitation power (Curve a of Panel A), the weak tecrease up to about 2 µm (Phase I) is followed by a slow exponential-like decay up to 11 µm from which we obtain an effective diffusion length of 10.8 µm (Phase II) and again a by faster one for larger distances (Phase III). The profile of line H does not exhibit the slow decay of Phase II. It consists mostly of a decay up to 2 µm, for which the amplitude is larger than that of Curves a, followed by a single exponential-like decay over the whole spatial range.

Increase of the excitation power only slightly affects the profile of line H, apart from the appearance of a faster decay beyond 20 µm (Phase IV, most visible in Panel D of Fig. 7 ). Upon increase of the excitation power, in addition to the increase of the amplitude of phase I, one sees that the slow decay of the intensity profile in phase II occurs over a progressively smaller distance and becomes faster. For the largest excitation power (Panel D), Phase II has completely disappeared and the profile consists of only phases I, III and IV.

B. Interpretation

The observation of band-to band luminescence up to 25 µm implies long distance transport of photoholes and is in contradiction with the fact that the relaxation of the hole kinetic energy [23,24] is more rapid than for electrons, so that holes tend to accumulate in the potential wells, of height larger than the thermal energy, where tunneling processes are less probable than for electrons because of their large effective mass. Another possible mechanism of self-trapping of photoholes is caused by spatial inhomogeneneities of the surface photovoltage [64].

In order to resolve this contradiction, we can exclude a simple explanation implying photon-mediated transport, originating from laser or luminescence light channeling in the NW. Indeed, no light at the laser energy is found at the end of the NW, which is evidence that the excitation laser does not couple to guided modes in the NW. Some luminescence light may propagate along the NW and may be reabsorbed over a distance of the order of 1 µm. It could affect the spatial profile over longer distances if the newly-generated electron-hole pairs in turn emit photons (photon recycling). However, because of the matrix elements involved in these processes, emission of a photon in the same way as creation of a spin-polarized electron, occur with a loss of angular momentum by a factor of 2, so that spin recycling occurs with a loss of a factor of 4 and should create weakly spin-polarized electrons, in contradiction with the observation of long distance spin transport, reported in Sec. V.

Another effect to be excluded is the possible presence of thermoelectric charge and spin currents due to spatial inhomogeneities of the photoelectron temperature. The temperature spatial profiles, reported in the Supplementary Material, show a very weak temperature spatial gradient at low excitation power. At the highest power, the gradients are very close to those reported before in similar experimental conditions [29]. Since the latter work has given by Eq. 13 and Eq. 12, respectively. Curves e are fits of Curve a using Eq. 14, describing ballistic hole transport over the fluctuations.

concluded that thermoelectric currents do not strongly contribute to the profiles, thermoelectric effects will be neglected here.

Thus, the intensity spatial profiles directly reflect photocarrier transport along the NW and should described by Eq. 3 and Eq. 4. The field E a given by Eq. 8 is evaluated using the Einstein relation, which is for a disordered sample D e = µ e E /q. The energy E is comparable with the fluctuation amplitude at low temperature and becomes equal to the usual value k B T e , if the temperature is increased [START_REF] Baranovskii | Charge Transport in Disordered Materials[END_REF]. One obtains E a ≈ E p/(qL a n * 0 ). This field is of the order of 10 -3 (p/n * 0 ) V /µm. This is several orders of magnitude smaller than typical electric fields in the fluctuations, of the order of the unscreened effective field near a donor E D /a * 0 ≈ 0.6 V /µm. As a result, usual ambipolar fields cannot affect photocarrier transport in the disordered NW .

It is now shown that, as already reported earlier experimentally [65], the presence of disorder may strongly increase the mobility and therefore the minority carrier drift length. Here, the potential fluctuations, rather than preventing transport, will result in a self-adjustment of the electric field to a value enabling tunnel processes and long distance transport.

In order to obtain the electric-field dependence of the mobility, one recalls first Since thermal and electrical activation of the conductivity are of the same nature, and in the same way as for amorphous materials, the electric field dependence of the mobility is similar to that of the temperature dependence. This temperature dependence of the electron and hole conductivities is of the type σ e(h) = σ e(h)0 exp -∆ e(h) /k B T e(h) )

β . Here, ∆ e(h) are activation energies and the exponent β is of the order of unity [19,[START_REF] Baranovskii | Charge Transport in Disordered Materials[END_REF]. The electric field dependence of the mobilities is then found by replacing in the above equation the thermal energy by qEδ, where δ is the characteristic distance travelled in an elementary hopping process [START_REF] Baranovskii | Charge Transport in Disordered Materials[END_REF]. This distance can be larger than the typical dimension of the fluctuation, of the order of the donor Bohr radius, if variable range hopping processes are significant. As a result, the electron and hole mobilities are expressed as

µ e(h) (E) = µ * e(h) exp - ∆ e(h) qEδ β , (10) 
where µ * e(h) are the mobilities at large electric fields. Since the effect of electric field on carrier transport is expected to be weaker for the less localized electrons than for the holes, one expects ∆ h > ∆ e . The electric field is obtained using Eq. 8 and Eq. 10 and is the solution of a nonlinear equation. In the present case where the hole drift current is smaller than the electron one (µ * h p < µ * e n * 0 ), the current balance is weakly affected by the hole drift current, so that the reduced electric field u = E/E * , where E * = ∆ e /(qδ), is the solution of 

u exp -(1/u) β = η, where η = (D h -D e )∇p µ * e n * 0 E * ≈ p n * 0 E ∆ e δ L a (11) 
is the ratio of difference of diffusive currrents to the drift current of the Fermi sea in the field E * . Note that, in a counter-intuitive way, if D h << D e , the quantity η/∇p and thus the electric field, only depends on electronrelated features. The approximate expression of η, found using Einstein's relation, shows that η is a fraction of unity. The dependence of the reduced electric field as a function of η for several values of β is shown in Fig. 8. For β = 1/4 which is appropriate for the insulating phase [19], the reduced electric field increases from 10 -2 to 10 -1 for η between several 10 -4 and several 10 -2 . Near the insul ator-metal transition (N D ≈ 10 16 cm -3 ), one has β ≈ 0.5. The electric field becomes larger and its dependence on η becomes weaker. For the present doping level, values of β have not been reported. It is natural to expect a further increase of β, for which, as seen in Fig. 8 for β = 1, E is a significant fraction of E * in a wide range of values of η. As a result, there occurs a self-adjustment of the electric field and therefore of the hole drift current according to Eq. 11.

C. Charge redistribution.

In the present subsection, we analyze the charge redistribution which produces the internal electric field. Since resolution of Eq. 3 and Eq. 4, using the modified values of mobilities and electric field is beyond the scope of this work, the charge redistribution of the photocarriers and of the Fermi sea is determined independently on models describing transport, from the spatial profiles of Fig. 7. In order to determine the spatial profiles of the three terms of Eq. 7 separately, one defines the quantity

B = I hot I 2 main = B 0 1 -δn 0 /p (1 + δn 0 /N D ) 2 ≈ B 0 (1 - δn 0 p ) = B 0 n p . (12) 
where I main and I hot are given by Eq. 1 and Eq. 2, respectively, B 0 = K hot /[(KN D ) 2 ] and the exact expression of B in this equation is obtained using Eq. 7. In the same way, one defines

C = I hot I main = K hot K main n n 0 ≈ K hot K main n N D . (13) 
Since as shown above n << N D and p << N D , one has δn 0 << n 0 because of electrical neutrality and the quantities B and C are given by their approximate expressions in Eq. 12 and Eq. 13, respectively. Thus the spatial profile of C reveals that of the photoelectron concentration, while that of B reflects the redistribution of the Fermi sea. The spatial profiles of C and B, normalized to unity at z = 0, are shown in Curves c and d of the various panels of Fig. 7, respectively. The spatial charge redistribution obtained using their analysis is summarized in Fig. 9.

In phase II, C ≈ n exhibits the same profile as I main ≈ p. The latter finding implies that n ≈ p so that δn 0 << p and that redistribution of intrinsic electrons is negligible. One also sees that B is constant. Since δn 0 << p, this constant value is s B/B 0 ≈ 1.

This allows us to calibrate the value of B/B 0 . and to determine its value at z = 0. In phase I, at the smallest excitation power, B at z = 0 is also close to unity. The profile of C coincides with that of I main down to z = 0. Thus, in the same way as for Phase II, redistribution of the Fermi sea is negligible.

This no longer true when the excitation power increases, since B at z = 0 becomes smaller than its unit value of phase II. This implies that intrinsic electrons accumulate at the excitation spot (δn 0 > 0), and that this accumulation increases with excitation power. From the value of B ≈ n/p at z = 0, we estimate that n/p takes values of ≈ 0.7, 0.5 and 0.1 for panels B, C, and D, respectively and that δn 0 /p takes complementary values of 0.3, 0.5 and 0.9, respectively.

In phase III, the constant value of C indicates that n is spatially constant. In the same conditions, B increases by about one order of magnitude, nearly independently on excitation power, implying that redistribution of intrinsic electrons is important (δn 0 < 0). Using again B ≈ n/p one finds that for z > 15 µm, one has n ≈ 10p, relatively independently on excitation power.

Finally, in phase IV, observed for z > 17 µm in panels C and D of Fig. 7, C starts to decrease, revealing, as seen from Eq. 13, a decrease of n.

In summary, the above results, illustrated in Fig. 9, show that there is a depletion of intrinsic electrons at large distance from the excitation spot, compensated by an excess near the excitation spot. The various phases in the spatial profiles are directly related with this spatial redistribution and are characterized by distinct electric field and carrier mobility values.

V. SPIN TRANSPORT ALONG THE NW

We first consider the results of Fig. 6, up to z = 3 µ, taken at a relatively small excitation power. At z = 0, the luminescence polarization is close to the maximum value of 25% without losses by spin relaxation. Upon increasing of the distance, there persists a significant S line in the difference spectrum, although no specific feature is detected in the corresponding intensity spectrum. This finding implies that, in spite of the establishment of a charge equilibrium, the photoelectrons and intrinsic electrons still form two distinct spin reservoirs. It is then assumed that each photoelectron spin reservoir, of spin ±, has reached an internal equilibrium characterized by a Fermi energy E F ± , such that E F + + E F -= 2E F , in order to ensure charge equilibrium [START_REF]Developing the function s ≈ F (EF +) -F (EF -) to first order in EF + -EFand dividing by the electron concentration, one finds that the polarization is proportional to 1 -F (EF ). The polarization spectrum in Panel D can be perfectly approximated by 1 -F (EF ), from which we find that the difference between the electron quasi-Fermi energy EF and[END_REF].

For distances up to z = 20 µm, the spatial profiles of the polarization at the respective energies of the peaks of the line S and H lines are shown in the top panel of Fig. 7. In agreement with the known weakness of the spin relaxation processes [11], these results show for the two lines record values of the spin diffusion length, since there persists a significant polarization up to a distance of z = 20 µm .

For the maximum excitation power, the polarization of line H at z = 0 is 10%, thus smaller than for the smallest power and weakly depends on distance. We be-lieve that the losses at at z = 0 are due to exchange with photoholes, which are more numerous than for the smallest excitation power (Bir Aronov Pikus mechanism [START_REF] Bir | [END_REF]). The polarization of Fermi edge electrons slowly decreases with distance and is 5% for z = 20 µm. For a reduced excitation power of 45 µW, In order to explain these losses, it is recalled that, within the D'yakonov Perel model, the relaxation time is usually given by 1/T 1 = Ω 2 τ c , where Ω is the order of magnitude of the relaxing interaction and τ c is generally taken as the momentum relaxation time [13]. Here, for a hopping transport, it has been pointed out that relaxation only occurs during the hopping process and that τ c is the hopping time [68]. In this case, it seems clear that τ c should decrease with increasing excitation power, because of the increase of the characteristic energy of the electrons in the fluctuations and possibly because of screening of the fluctuations by the photocarriers. This implies that the losses by spin relaxation are smaller at high excitation power, at which τ c is relatively small. In the same way, this model explains that the polarization losses are smaller for hot electrons, for which τ c is smaller than for Fermi edge electrons.

VI. DISCUSSION : CHARGE TRANSPORT

In this section, we qualitatively interpret the spatial profiles in order to outline the possible mechanisms for charge transport. Note that, since the relative modification of the charge in the Fermi sea is negligible (δn 0 << n 0 so that δn 0 + n 0 is spatially constant) the spatial profile of line M is mostly caused by photohole drift in the electric field E given by Fig. 8, with a typical profile for a locally homogeneous field of the type exp(-z/L d ), where the drift length is L d = µ h Eτ h .

A. Phase I : z < 2 µm

In this spatial range the power dependence of charge redistribution can be understood using Eq. 11. Indeed, an increase of the excitation power will increase p, which will produce an increase of η and therefore of the outward electric field required by a static equilibrium between diffusive and drift currents.

B.

Phase II : 2 µm < z < 2-10 µm

In this spatial range, the observation of an exponential slowly-decaying profile, up to 10 µm at low excitation power, are in agreement with the model described in Sec. IVB, and suggest long range hole drift in the electric field obtained from Eq. 11. In this range, an increase of p induces a increase of η as seen from Eq. 11, and thefore an increase of electric field. Since hole transport is mostly due to drift in the electric field, the above model predict that the drift length should increase with excitation power. This is in contradiction with the observations according to which the slope of Phase I decreases with increasing excitation power. This contradiction can be resolved since, as discussed in Appendix, the energy-distribution of holes in the fluctuations is relatively narrow, at a given nonzero kinetic energy in the fluctuations [18,42]. It is then proposed that above a given distance, the electric field induces an increase of the hole energy, so that holes can more easily undergo tunneling processes. This results in an increase of the length δ, inducing a decrease of E * and therefore of the hole drift length, as observed.

C. Phase III 2-10 µm < z < 17-20 µm At a distance between 2 µm and 10 µm depending on excitation power, the profile is no longer exponential and the increased value of ∇p reveals, as seen from Eq. 8, that the electric field is increased.

We propose that, in the same way as assumed for the preceding phase, this increased electric field will further increase the average hole kinetic energy so that hopping processes have a strongly increased length, corresponding to an increase of δ. It is shown here that the onset of this phase very likely occurs when the hole average energy is large enough so that transport becomes quasi-ballistic near the top of the fluctuations. A model considering a quasi-ballistic transport between two phonon emission processes with a characteristic time τ ph , explains the spatial profiles. Assuming for simplicity that the electric field E is spatially constant in this region, the hole spatial profile is of the form p(z) ≈ exp(-z/v h τ ph ) where v h is the hole velocity so that v h τ ph is the mean free path for phonon emission. For ballistic transport, accelerated by an electric field, one has v h = 2qm * -1 h Ez. One finally obtains

p(z) ≈ exp(-z/L ) ( 14 
)
where L = 2(q/m * h )Eτ 2 ph . As shown in Fig. 7, the spatial profiles in this phase are well approximated by Eq. 14 in view of the approximations made. Here L is 0.5 µm, 1.1 µm, 1.1 µm and 1.8 µm for Curves a to d and therefore slightly increases with excitation power. Using L ≈ 1 µm and τ ph ≈ 0.25 ps [23], one finds a physically reasonable value of the internal electric field, of the order of 0.1 V/µm. This value is smaller than the unscreened electric field near the donor (E D /a * 0 ≈ 0.6V /µm). Note that the distance corresponding to the beginning of phase III decreases with increasing excitation power. This is because in Phase II, the internal electric field increases with excitation power so that the limit kinetic energy for hole quasi ballistic transport is reached earlier. The maximum distance over which photoelectrons can be transported can be found at high excitation power in panels C and D of Fig. 7. At these powers, for z > 17µm, C starts to decrease, revealing, as seen from Eq. 13, a decrease of n. It is concluded that photoelectrons can be transported over distances as large as 20 µm. Since no change of slope is apparent on the profile of I main and since B also decreases in this spatial range, this suggests a decrease of -δn 0 . It is thus proposed that the limit to this distance is the resulting change of local electric field.

VII. CONCLUSION

We have investigated the mechanisms of charge and spin transport in HVPE-grown, plasma-passivated GaAs NWs, at 6K and as a function of excitation power. These NWs have a n-type doping level in the low 10 17 cm -3 range implying that they are metallic with a tail of density of states below the bottom of the conduction band and above the top of the valence band. The luminescence spectra exhibit several well-resolved lines, due to hot electrons, band-to-band and acceptor recombination. This exceptional quality reflects the material quality as well as the efficiency of the plasma surface passivation which was used. Using a spatially-resolved polarized lumnescence technique, we have investigated at 6K the intensity and polarization spectra as a function of distance to the excitation spot, as well the intensity and polarization spatial profiles for selected energies in the spectrum.

The main features of charge and spin transport is summarized as follows.

a) After creation and thermalization of photocarriers, a significant fraction of the photoholes is able to avoid recombination at the place of excitation, so that minority hole transport is achieved up to a distance of 20 µm. b) Minority hole transport is achieved up to a distance of 20 µm under the effect of the large internal electric field of ambipolar origin. This field arises from the spatial redistribution of the Fermi sea, keeping an approximate charge neutrality. It has two main effects on the distribution of photocarriers. Firstly, there results a strong enhancement of charge mobility and therefore of distance travelled by the minority holes before recombination. Secondly, it is proposed that the electric field increases the average hole kinetic energy in the fluctuations, so that a transition to a quasi -ballistic regime takes place. c) Photoelectron transport is characterized by establishment of a charge equilibrium with the Fermi sea over a distance of the order of 2 µm. These electrons remain distinct spin reservoirs, although their charges are in thermodynamic equilibrium. At large excitation power, the photoelectron spin polarization is preserved up to a record distance of 20 µm. The decrease of excitation power leads to an increase of the polarization losses. These losses are attributed to hopping relaxation. Achievement of spin transport over this record length implies that such NWs are good candidates for spintronics applications.

Appendix A: Spectral investigation of the nearbandgap photoemission spectrum

The nearbandgap normalized luminescence intensity spectra at z = 0 are shown in Panel A of Fig. 10 for selected excitation powers. one sees that the relative intensity of line S increases with excitation power. Curve e of Panel B shows for reference, the difference spectrum for the smallest excitation power of 9 µW.

In order to interpret these spectra, it is recalled that the luminescence properties of metallic NW depend on the statistics of electrons and photoholes. Since photoholes tend to get trapped in the potential wells, since relaxation of their kinetic energy occurs in a short characteristic time of 1 ps [23,24], where tunneling processes are less probable because of their large effective mass, the holes cannot be described by a thermal equilibrium, but by a balance between thermalization and recombination. [18,30,42]. As shown in Ref. [18], the hole occupation probability is obtained by a resolution in steady-state of the rate equation and is given by

f v ( v ) = W p p W p p + W n (n 0 + n) F (E F h ). (A1)
This quantity depends on the ratio of the capture probability W p of a hole and of the probability W n for recombination with electrons. Here, n and n 0 are the concentrations of photoelectrons and intrinsic electrons, p is the hole concentration and F (E F h ) is a Fermi function of v with E F h given by

E F h = k B T h ln W p N v W p p + W n (n 0 + n) ≈ k B T h ln W p N v W n n 0 (A2)
Here N v is the valence band effective density of states. The approximate expression is valid at low excitation power, for which n << n 0 and W p p << W n n 0 .

Because of the dependence of the prefactor in Eq. A1 on concentration and kinetic energy, this distribution is by no means a Fermi one, while E F h should not be viewed as an effective Fermi energy. It has been proposed that, because of the large recombination probability of holes at the top of the fluctuations, the steady-state hole concentration at the top of the fluctuations is smaller than that at higher kinetic energy. Thus, the hole energy distribution is narrow and peaks at some intermediate kinetic energy in the bandtail [38,42].

The luminescence intensity at energy E of the main line, due to recombination between photoholes and intrinsic electrons, is proportional to Curve e shows the difference spectrum (x10), given by Eq. 9 and related to the spin orientation, at an excitation power of 9 µW. The circular polarization on this spectrum is mostly limited to lines S and H, with a weak polarization on line M. Panel B shows, in logarithmic units, the power dependences of the intensities of lines M, S and H, as obtained from a decomposition of the spectra of Panel A.

I main (E) = ∞ 0 W ( c , v )ρ c ( c )ρ v ( v )f c ( c )f v ( v )d c .
(A3) with E = E Gcc and where k-conservation does not occur because of disorder [38]. Here f c is the electron occupation probability and W ( c , v ) is the recombination probability. Expressions of these quantities have been given in Ref [18], which also reports a calculation of the shape of the luminescence spectrum.

For quantitative analysis, line S was fitted by a gaussian component of half-width 2.3 meV and peak energy 1.5195 eV. The width of line S is relatively small since this line reflects the joint widths of the photoelectron distribution, determined by the temperature and of the pho-tohole distributions which, as shown in Sec. IIB, is relatively narrow. The position of line S, which corresponds to the difference between electron quasi-Fermi level and the hole energy, is found to depend very weakly on excitation power, in agreement with the expression of E F h , given by Eq. A2 at weak excitation power. For line M, one has used a gaussian shape of half width ≈ 6 meV, i. e. comparable with values measured elsewhere on Si-doped NWs [53]. Line M is broader than line S, since its width is determined by the width of the Fermi sea, of the order of the electron Fermi energy. Line M is extrapolated at low energy to a value of 1.507 eV, in relatively good agreement with the value of 1.503 eV expected from Ref. [41] for this doping level. Finally, the hot photoelectron contribution H was taken as the residual signal, obtained by subtracting components S and M from the experimental profile. The shape of this component was found to depend weakly on excitation power.

Shown in Panel B of Fig. 10 are the power dependences of the integrated intensities of lines M, S and H. As expected, the intensity of line M is proportional to the excitation power, because of the linear dependence of p on excitation power in Eq. ( 1) (monomolecular recombi-nation). Conversely, that of line H is proportional to its square, since in Eq. ( 2), both p and n increase with excitation power (bimolecular recombination). Note that the exponent of the increase of the intensity of line S, of 1.4, is slightly smaller than the value of 2 expected from Eq. ( 2). This departure may be due to a power dependence of K hot or to the fact that a power-dependent fraction of the photoelectrons is already incorporated into the Fermi sea at z = 0.

FIG. 3 .

 3 FIG.3. Spatially-resolved spectra (Curves a) at the excitation spot (A) and for selected distances from this spot of 1.2 µm (B), 1.9 µm (C) and 3.1 µm (D), for an excitation power of 45 µW. All the spectra were decomposed using the main component (M), the shoulder at 1.519 eV (S) and the hot electron contribution (H). Curves b show the sum of these contributions and closely follow the experimental spectra.

FIG. 4 .

 4 FIG.4. Same as Fig.3, but for the difference spectra. Also shown are the polarization spectra, defined as the ratio between difference signal and intensity. Note that, at large distance (Panel D), component S is still the dominant feature of the difference spectrum, whhile it has disapeared from the corresponding intensity spectrum .

FIG. 5 .

 5 FIG.5. The top panel shows the spatial profiles of the nearbandgap line for an excitation power of 9 µW (Curve a), of 45 µW (Curve b), and 180 µW (Curve c). The emission intensity of Curve b(c) is the same as that of Curve a at z = 0, but for z = 4.9(14.5) µm. These three situations correpond then to similar photoelectron and minority hole concentrations. However. as seen in the bottom panel, line S is only seen near the excitation spot. This shows that line S reflects establishment of equilibrium during photoelectron diffusive transport.

FIG. 6 .

 6 FIG.6. The bottom panel shows the spatial profiles of the intensity of line S in the intensity spectra, obtained using the decomposition shown in Fig.3, for an excitation power of 9 µW (Curve a), 45 µW (Curve b) and 1 mW (Curve c). This decay reveals the establishment of thermodynamic equilibrium between photoelectrons and intrinsic electrons. Also shown in Curve d is the laser intensity spatial profile. The top panel shows the spatial profiles of the degree of circular polarization for line H and line S for an excitation power of 45 µW (open symbols) and 1 mW (closed symbols).

FIG. 7 .

 7 FIG. 7. Intensity spatial profiles of line M (1.515 eV, Curves a), of line H ( 1.527 eV, Curves b) for selected excitaton powers of µW (A), 45 µW (B) 180 µW (C) and 1 mW (D). Each panel also shows the ratios C (Curves c) and B (Curves d),given by Eq. 13 and Eq. 12, respectively. Curves e are fits of Curve a using Eq. 14, describing ballistic hole transport over the fluctuations.

FIG. 8 .

 8 FIG.8. Dependence of the reduced electric field as a function of η given by Eq. 11, for an exponent β, given by the thermal dependence of the conductivity, equal to 0.25 (insulating phase), 0.50 (metallic phase close to the transition) and unity.

FIG. 9 .

 9 FIG.9. Illustration of the spatial dependences of concentrations of photoelectrons n, photoholes p and of the relative concentration of intrinsic electrons δn0 (see Sec. IV. A), for the various spatial phases defined in Fig.2. The limits of these spatial phases depend on excitation power and their range of values is indicated. The amplitude of the Fermi sea redistribution δn0 is negligible for an excitation power of 9 µW and increases with excitation power.

D

  . Phase IV : z > 17 -20 µm

FIG. 10 .

 10 FIG. 10. Panel A shows the nearbandgap line at z = 0 for an excitation power of 9 µW (Curve a), of 45 µW (Curve b), 180 µW (Curve c) and 1 mW (Curve d).Curve e shows the difference spectrum (x10), given by Eq. 9 and related to the spin orientation, at an excitation power of 9 µW. The circular polarization on this spectrum is mostly limited to lines S and H, with a weak polarization on line M. Panel B shows, in logarithmic units, the power dependences of the intensities of lines M, S and H, as obtained from a decomposition of the spectra of Panel A.
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	FIG. 1. Scheme for carrier excitation in the potential fluctu-
	ations of the conduction and valence bands of n-doped NW.
	Intrinsic electrons occupy the fluctuations of the conduction
	band up to the quasi Fermi level EF e. With the value of the
	doping level, this Fermi level lies above the mobility level,
	above which the electrons are no longer confined and partic-
	ipate to the electric conductivity. The various nearbandgap
	emissions are labelled in the same way as in the spectra of
	Fig. 3.
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