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In recent years, several groups have experimentally investigated the band structure properties of wurtzite (Wz) InP nanowires (NWs) to gain access to parameters such as the bandgap and Varshni parameters, 1 the effective masses, 2 the deformation potentials, 3 the dipole orientation 4 or the Young modulus. 5 However some band structure parameters are still not very well-known. In the Wz phase, the degeneracy of the first three valence bands (usually labeled A, B and C bands) is lifted (Figure 1.a). Within the quasi-cubic approximation these valence band splittings are a consequence of the spin orbit coupling (∆SO) and the crystal field splitting (∆CR).

One of the open questions is to determine if the spin orbit coupling (∆SO) parameter is bigger or smaller than the crystal field splitting (∆CR). In the literature, the experimental values of these two parameters are usually deduced from optical measurements such as photoluminescence (PL) or PL excitation (PLE). The A, B and C transitions of InP Wz are identified and the ∆SO and ∆CR are deduced from the energy levels of these transitions using the equations 6 :
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where ∆EAB (∆EAC) is the energy difference between A and B (A and C) transitions. The main concern with this method is the fact that the two equations are symmetric in regards of the ∆SO and ∆CR values. As a consequence, a couple of numbers can be extracted but an assumption, ∆CR > ∆SO or the opposite one, has to be chosen to attribute the experimental values to the intrinsic parameters of the material. As a consequence, some published works, such as in the work of M.H. 7 have considered that ∆CR is bigger than ∆SO whereas the opposite choice has been taken in the work of S. Perera et al. 8 To conclude on this issue, we have to focus on properties related to ∆SO and ∆CR but not on a symmetrical way. One interesting possibility is to investigate the polarization resolved PL of Wz InP NWs. The ratio of PL intensity polarized parallel to the NW axis (z axis) over the perpendicular one (x axis) is equal to
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is the ratio of internal dipole moments squared and  is a parameter taking into account the impact of the NW on the PL emission. The emission of the A band is expected to be perpendicular to the c-axis, i.e. to the NW axis 6 . The situation is different for the B band where no dipole orientation is forbidden. 9 Table 1: Interband momentum-matrix elements for polarization parallel and perpendicular to the c axis. 6 The interband momentum-matrix elements of the A, B and C bands are given in Table 1 where a, b, Epz and Epx are related to the following equations (from Ref 6):
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with Eg the band gap, ( )
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and z e m the transverse and longitudinal electron effective masses, respectively. The experimental values m z e=0.078 and m t e=0.093, recently obtained in Ref 2, are used for the calculations. As far as the B transition is concerned, the ratio of the interband momentum-matrix elements, parallel over perpendicular to the c-axis, is equal to
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, is related to the ∆CR and ∆SO values and not on a symmetrical way. This ratio has been calculated for the B transition as a Numerous groups have reported experimental 1,7,8,10,11 or theoretical 9,12,13 values of ∆CR and ∆SO.
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These values are reported in Fig. 
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the determination of this ratio by polarized PL will conclude on the good assumption: ∆CR > ∆SO or ∆SO > ∆CR. We would like to highlight that a strategy to determine the correct solution of equation ( 1) and ( 2) would be to assume that the ∆SO value is comparable to the known bulk zincblende (ZB) InP ∆SO value of 108 meV (from Ref 14) and attribute the second value to ∆CR. procedure is to induce the growth of a field of vertical Wz InP NWs as detailed in Reference. 15 Two growth steps were performed at different substrate temperatures to obtain the NWs. First, the NWs were grown during 10 minutes at 380°C with an indium flux corresponding to an InP 2D layer equivalent growth rate of 1 ML/s and with a PV/PIII beam equivalent pressure (BEP) ratio equal to 20 in order to produce pure Wz InP NWs. 7 To increase the NW diameter, a second growth step of 10 minutes was performed at a lower temperature (340°C) to favor the NW radial growth.

However, as shown in

The sample is composed of vertical 800 nm  50 nm long NWs with a constant diameter (without tapering) of 90 nm  5 nm and a NW density of ≈ 7 NWs per µm² (Fig. 2.a). InP NWs have been investigated by high-resolution transmission electron microscopy (HRTEM). The sample is characterized in a PL setup composed of a close cycled helium cooled cryostat, a 532 nm continuous wave (cw) diode-pumped solid-state laser and a nitrogen cooled silicon CCD detector coupled to a monochromator. The low temperature PL spectrum revealed a sharp emission at 1.492 eV, the transition energy of the A exciton in Wz InP (Figure 3). 1 At room temperature a peak (at 1.426 eV) and one shoulder (at ≈ 1.46 eV) are observed and are related to To perform this study, a micro-photoluminescence (micro-PL) setup is build using a 671 nm continuous wave (cw) diode-pumped solid-state laser as the excitation source (laser spot size of 20 µm) and an InGaAs cooled silicon CCD detector coupled to a monochromator for the detection.

The micro-PL is performed on the as-grown sample with separate excitation and analysis arms:

the NWs are optically pumped from the top while the collection is performed from the side of the sample using a 0.4 numerical aperture objective microscope and a polarizer. Due to the verticality of the InP NWs grown on the substrate, the collection from the side of the sample allows to investigate the orientation of the light emission as a function of the NW axis. A low resolution grating is used to decrease the polarization dependence of the setup. Moreover, correction functions are done with a tungsten lamp to remove any polarization dependence of the setup. (perpendicular to the NW axis) to 180° going through 90° (parallel to the NW axis). Each spectrum consists of two peaks related to the A and B band to band transitions and is fitted using the equation [START_REF] Grundmann | The Physics of Semiconductors[END_REF] :
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where the values Eg=1406 meV, ∆AB=36 meV and kT=39 meV are identical to fit all the experimental data. The high carrier temperature is probably the consequence of long lived hot carriers in small diameter NWs. A carrier temperature of 43 meV was recently reported for 72 nmdiameter Wz InP NWs during room temperature µ-PL measurements. [START_REF] Tedeschi | [END_REF] The 36 meV splitting between the A and B bands at room temperature is also in agreement with other experimental results. 1 The intensities IA and IB are reported in Fig. 4.b. To be able to fit these experimental results a precise analysis has to performed. The extraction of the real dipole ratio of the B transition from the experimental study is a complex problem for two reasons: 1) the emission is not localized at a specific position in the NWs and 2)

the InP NWs have to be seen as a photonic structure with emission tailored through guiding and leaky modes. As a consequence the measured ratio is not the intrinsic one and the impact of the NWs on the emission has to be understood to recover the real ratio. The 90 nm-diameter InP NW field corresponds to a HE11 monomode structure 18 with a strong inhibition expected for the dipole oriented perpendicularly to the NW axis. The strong interest of this situation is that the screening of the dipole is independent of the dipole position in the NW plane as already shown in Ref 19 for GaAs NWs. As a consequence, the recombination rate of the dipole is independent of its in-plane position. A modification of the dipole spontaneous emission is possible along the NW axis due to the presence of the high refractive index silicon substrate. As a consequence, Finite Difference Time Domain (FDTD) calculations are performed as a function of the dipole orientation (perpendicular or parallel to the NW axis) and the dipole position along the z axis. Calculations are performed on a 800 nm long NW represented by a 90 nm in diameter cylinder on a silicon substrate. Refractive indexes of 3.42 and 3.64 are used for InP 18 and for the silicon substrate, respectively. Calculations are performed using the Opti-FDTD software. 20 Figure 5: Schematic of the photonic structure used for the FDTD calculations.

It is also known that the far field is strongly impacted by the dipole orientation as compared to the NW axis. 18,21 This is a key issue to take into account: a modification of the far field can induce a modification of the collection efficiency in our NA=0.4 microscope objective and a wrong estimation of the intrinsic dipole ratio. The far field radiative power is calculated using the method detailed in Ref 22 . Fig. 5 shows a schematic of the calculation: z is the NW growth axis, the polarization of the emission is investigated in the x-z plane for a dipole aligned along the NW axis (z-polarized) or perpendicular to the NW axis (x-polarized). There is also a dipole oriented perpendicularly to the NW axis along the y axis but the probability to collect photons emitted by this dipole orientation is weak as a consequence of the NA=0.4 numerical aperture. 23 The total averaged power emitted by the x-polarized (z-polarized) dipole and collected by the microscope objective is equal to 22
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where kNA is determined by the numerical aperture of the microscope objective, This approximation is very usual in the literature. But to confirm that this choice has not a too strong impact on the value of  , we have also performed the same FDTD calculations with the theoretical values published by De and Pryor (using nz=3.35 and nx= ny=3.83) to take into account the anisotropy of the Wz material. 24 A value 28 =  is obtained from the simulation for a 90 nm diameter NW. As a consequence, we will assume that 10 30  =  . The experimental results are fitted with the equation: the literature, a majority of Wz III-V semiconductors have a ∆CR which is smaller than ∆SO. 9 However, the condition ∆CR > ∆SO is not exceptional and is predicted for several Wz III-V semiconductors such as GaN, GaP and InN. 9 This result allows us to confirm from our former PLE measurements that ∆CR≈ 145 meV and ∆SO≈ 74 meV. 7 These results lead to a ∆SO value which is clearly smaller in Wz InP (74 meV) than in ZB InP (108 meV). This observation is in contradiction with the theoretical calculations of ∆SO in InP polytypes where a variation of a few percent is predicted between two different crystallographic phases. 9,12,13 In both WZ and ZB configurations the nearest neighbors are tetahedrally bonded. To explain a modification of the ∆SO value between the two phases, we have to assume that the interactions with the second or third nearest neighbors are not negligible. 11 The knowledge of these values is an important information to be able to perform accurate band structure calculations when ∆CR and ∆SO do not act on a symmetrical way.

𝐼(𝜃) = 𝐼 0 [𝑐𝑜𝑠 2 (𝜃) + 𝑑 𝑧0 2 𝑑 𝑥0 2 𝛽𝑠𝑖𝑛 2 (𝜃)] (8) 
Moreover the experimental method proposed in this paper could be used for other Wz materials once the configurations ∆CR > ∆SO and ∆CR < ∆SO provide strongly different 
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 4 function of ∆CR and ∆SO in the case of Wz InP. These results are reported in Fig 1 where black lines represent different values of

  1.b. Due to the symmetric nature of the equations (1) and (2), for each experimental study, two points are reported. Fig 1 reveals that the two possible solutions of equations (1) (2) provide strongly different

  Fig 1.b, both solutions of the equations (1) (2) lead to values which are relatively far from the known ∆SO value of bulk ZB InP. As a consequence, it is difficult to use such a strategy in the present situation.

Figure 1 :

 1 Figure 1: a) band structure of Wz InP. b) Theoretical

Figure 2 .

 2 b shows the dark field TEM image of a typical InP NW oriented along the[11-20] Wz zone axis. In this orientation, Wz and ZB crystal structures show two different diffraction patterns in which the spots belonging to one phase are well separated from those of the other. Therefore, a good contrast can be obtained between the two phases by selecting the spots of one of the two phases. The NW shown has a 770 nm length and a 90 nm diameter. The NW has a perfect Wz crystallographic structure during the first 620 nm length. This length corresponds to the typical size of the InP NWs after the initial 10 mn axial growth at 380°C. Then, few ZB insertions are observed in the upper part of the NW. This part is related to the axial growth of the NWs during the second growth step at 340°C. This second step is required to increase the NW diameter: the NWs have usually a 50-60 nm diameter after the first growth step.

Figure 2 :

 2 Figure 2: (a) SEM Image of the InP NWs. (b) Dark field TEM image of an InP NW.
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  and B transitions, respectively. The B transition is observed due to the thermal activation of the holes from the A to the B band. These results are the usual features on Wz InP NWs and confirm the Wz crystallographic phase of the NWs. The observation of the B transition at room temperature allows us to investigate its polarization resolved emission.

Figure 3 :

 3 Figure 3: Normalized PL spectra of the sample at low and room temperature.

Fig. 4 .

 4 Fig. 4.a shows the µ-PL emission of a NW ensemble as a function of the polarizer angle from 0°

Figure 4 :

 4 Figure 4: (a) PL spectra of the NW sample as a function of the polarization angle. PL spectra were offseted for clarity. Red curves are the fitting using Equation (3). (b) PL integrated intensity of the A and B bands as a function of the polarizer angle. NWs are aligned along the 90°-270° axis of the polarizer

  integration is performed over the 0.4 numerical aperture of the experimental setup. The ratio value of 32 is obtained. This high value of  is explained by the strong inhibition of the dipole oriented perpendicularly to the NW axis. To take into account the NW diameter distribution observed in our sample, the same FDTD calculations are performed for NW diameters of 85 nm and 95 nm and  values of 35 and 20 are obtained, respectively. Another source of error for  could be related to the refractive index chosen in the FDTD calculations. There are no experimental value available for the Wz InP refractive index and the value of the ZB InP is used.

.

  for the A and B bands and values of 0.01 and 0.17±0.06 are obtained, respectively. As a far as the A band is concerned, the value is very close to the theoretical one, i.e. a dipole oriented perpendicularly to the NW axis due to a forbidden transition for the polarization oriented parallel to the NW axis. Concerning the B band the most important one. The dashed red line in Fig.1.It means that ∆CR is bigger than ∆SO for Wz InP, in agreement with the calculated values published in Ref 12 and in Ref 13 but in contradiction with Ref 9 . If we refer to
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