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The elastic properties of InP nanowires are investigated by photoluminescence measurements under hydrostatic pressure at room temperature and experimentally deduced values of the linear pressure coefficients are obtained. The pressure-induced energy shift of the A and B transitions yields a linear pressure coefficient of α = 88.2 ± 0.5 meV/GPa and α = 89.3 ± 0.5 meV/GPa with a small sublinear term of β = β = -2.7 ± 0.2 meV/GPa . Effective hydrostatic deformation potentials of -6.12±0.04 eV and -6.2±0.04 eV are derived from the results for the A and B transitions, respectively. A decrease of the integrated intensity is observed above 0.5 GPa and is interpreted as a carrier transfer from the first to the second conduction band of the wurtzite InP.

INTRODUCTION

The integration of InP based nanowires (NWs) on silicon has attracted an intense interest to merge efficient optoelectronic devices with silicon (Si) based electronics. The monolithic growth of InP NWs on Si or InP substrates has already been investigated to design highly efficient solar cells, 1 lasers 2 or light emitted diodes. 3 InP NWs grown on Si substrates present usually a wurtzite (Wz) crystallographic phase. Contrary to III-Nitrides semiconductors, there is no Wz substrate for III-V semiconductors such as InP, InAs or GaAs. As a consequence, the investigation of the optical, structural, mechanical or electronic properties of these Wz materials requires working directly on the NW geometry. This situation has a direct implication on the knowledge of these Wz semiconductor band parameters. There is a lack of experimental values for parameters such as the elastic coefficients, deformation potentials, piezoelectric coefficients or effective masses and it is necessary to rely on theoretical values. 4,5 As far as the deformation potentials of Wz InP are concerned, only one theoretical paper has been published on this issue. 6 Three different sets of parameters have been proposed based on three different ab initio approaches. High-pressure studies of semiconductor materials can give access to the hydrostatic deformation potentials and to the linear pressure coefficients. 7 The interest for investigating III-V materials with a Wz crystallographic phase is reinforced by a specificity of the wurtzite band structure. Since the Wz structure has four atoms per cell while the zinc-blende (ZB) structure has only two atoms, there are twice more as many bands per k points in the Wz one. As a consequence, the Wz band structure contains two conduction bands: one associated with a direct emission and a second one with a pseudo-direct one. 8,9 In the case of GaAs and InP Wz materials, the energy spacing between these two bands is expected to be relatively small: in the order of 30 meV for GaAs 9 and between 0.2 to 0.4 eV for InP. 10,4 As shown by Signorello et al, 9 the small energy spacing in Wz GaAs NWs can be tuned using an uniaxial stress to control the optical and/or electrical properties of the material.

In this paper, the optical properties of Wz InP NWs have been investigated by high pressure photoluminescence at room temperature. These measurements allow us to extract the linear and quadratic pressure coefficients as well as the effective hydrostatic deformation potentials.

EXPERIMENTAL DETAILS

The Wz InP NW sample was grown on a Si(111) substrate by VLS-ssMBE using Au-In droplets as catalyst in-situ deposited at 500°C. 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 a indium beam equivalent pressure (BEP) corresponding to an InP 2D layer equivalent growth rate of 1 ML/s and with a PV/PIII BEP ratio equal to 20 in order to produce pure Wz InP NWs. 11,12 To increase the NW diameter, a second growth step of 20 minutes was performed at a lower temperature (340°C) to favor the NW radial growth. Scanning electron microscopy (SEM) studies revealed an averaged 1.7 µm length for these NWs (Figure 1). As far as the diameter is concerned a variation is observed as a function of the distance from the surface leading first to an inverse tapered geometry. An average diameter of 120 nm is observed at the NW foot while an average diameter of 190 nm is measured at 1.1-1.3µm from the surface. Then the NWs present a tapering for the last 400-600 nm. TEM studies have been performed on the NWs (see supplementary material). The NWs haves a perfect Wz crystallographic phase during the first 0.9-1 µm length. This length corresponds to the typical size of the InP NWs after the initial 10 min axial growth at 380°C. Then, some ZB insertions are observed in the upper part of the NWs. This part is related to the axial growth of the NWs during the 20 min growth at 340°C. 12 This second step is required to favor radial growth to increase the NW diameter: the NWs have usually a diameter in the 50-60 nm range after the first growth step.

After the second step, the NW diameter is at least 10 times bigger than the exciton Bohr radius of Wz InP which means that no quantum confinement is expected. 13 As far as the elastic coefficients are concerned, the Young modulus of these InP NWs should be similar to the bulk value. 14 From these theoretical and experimental results we assume that our InP NWs can be considered as bulk material.

The high pressure photoluminescence measurements were carried out using a diamond anvil cell with low-fluorescence diamonds having a culet size of 350 µm. The NWs were mechanically removed from the growth substrate and loaded into a hole drilled in a stainless steel gasket. To obtain a hydrostatic pressure, a standard 4:1 methanol-ethanol mixture was used as the pressure transmitting medium. The optical properties of the Wz InP NWs were investigated by photoluminescence (PL) measurements performed using a 50 mW 532 nm continuous wave (cw) diode-pumped solid-state laser as the excitation source and a nitrogen cooled silicon CCD detector coupled to a monochromator for the detection. 

RESULTS AND DISCUSSIONS

b). At 13K, one peak related to the recombination of free excitons known as A-excitons in Wz

InP is observed at 1.491 eV. 15 At room temperature, the photoluminescence of InP NWs reveals a peak located at 1.423 eV (the A transition) and a shoulder around 1.458 eV (the B transition). The B transition is observed due to the thermal activation of the holes from the A to the B bands. 15 The 
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energy splitting between these two bands has been theoretically and experimentally investigated by several groups and values in the 30-50 meV range have been reported. 15,16,17 The pressure dependence of the Wz transitions is investigated in the 0-3 GPa range (Figure 3). The position of the A transition could not be determined for pressure higher than 3 GPa because of a weak signal to noise ratio (SNR), due to a decrease of the A peak intensity with pressure.

Position of B peak is obtained by the analysis of the 2 nd derivative of the spectra. The following quadratic equation is used to fit the experimental data:

= E + αP + βP (1)
which gives linear pressure coefficients of α = 88.2 ± 0.5 meV/GPa and α = 89.3 ± 0.5 meV/GPa , for A and B transitions, respectively. The value of the quadratic pressure coefficient is the same for both bands: β = -2.7 ± 0.2 meV/GPa . The existence of a quadratic pressure coefficient can be explained by nonlinearities in the elastic bulk modulus. In the literature, experimental values in the order of 75 to 84 meV/GPa and in the -1.2 to -1.8 meV/GPa² range have been published for the InP band gap in the ZB crystallographic phase. 18,19 This means that the linear pressure coefficient of the Wz InP band gap (α ) is roughly 10% bigger than its value for ZB InP. This observation seems in agreement with theoretical studies on III-Nitride materials. Comparison of LDA-calculated band-gap pressure coefficients for nitrides in Wz and ZB phases have predicted larger values for the Wz phase. 20 The difference between the two crystal phases was in the order of few meV/GPa. This difference could be explained by the extra structural degrees of freedom available in the Wz structure: the variation of the band-gap due to the change in the c/a ratio (where c and a are the hexagonal lattice constants parallel and perpendicular to the [0001] axis), and the internal structural parameter u which represents the relative position of two hexagonal close-packed sublattices. 21 Theoretical values of α and α can be calculated from the knowledge of the elastic and potential deformation coefficients. As far as the elastic coefficients are concerned, we use the set calculated using the local density approximation (LDA) by C. Hajlaoui et al. 22 These coefficients can also be estimated from the ZB ones using a model based on a rotation of the crystal structure and a correction due to the internal strain state (see Table S1 of the supplementary information). 23,24 For a hydrostatic pressure P, the strain coefficients of a Wz material are: 25
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Under the assumption of a strain-independent and isotropic spin-orbit interaction, the energies of the A, B and C transitions can be described as: 26,27 ( = ( + ") * -+ -+ ! # + ") *, -+ -+ -# '
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The coefficients ∆ ± are given by:
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where ∆ is the crystal-field splitting and ∆ = ∆ ! = ∆ ;< 3 ⁄ with ∆ ;< the spin orbit coupling. Here, the experimental values reported in Ref 28, ∆ = 0.145 ?@ and ∆ = 0.025 ?@, are used to obtain the value ∆ 0 = 0.931. As far as the deformation potentials of Wz InP material are concerned, sets of parameters have been published in Ref 6 using three different ab initio calculation methods:

Heyd-Scuseria-Ernzerhof (HSE) density functional theory, generalized-gradient approximation in the Perdew-Burke-Ernzerhof (PBE) parametrization and single shot GW calculations (Table S2 of the supporting information). Another approach is to estimate the deformation potentials in Wz phase from the ZB ones using the quasi-cubic approximation. 29,30 The extracted theoretical values of the linear pressure coefficients can be found in table I A second analysis procedure can be used to extract the effective hydrostatic deformation potentials. The variation of the band gap can be related to the volume change using the relation: 7
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where B is the effective hydrostatic deformation potential. The term effective is used to highlight the fact that the strain in a Wz structure is not perfectly isotropic under a hydrostatic pressure. The relative volume change caused by the applied pressure can be related to pressure by the Murnaghan equation of state:

$ = E 35 C D C 9 .E -1: (6) 
with B the bulk modulus of Wz InP and B' its pressure derivative. The bulk modulus can be calculated using the relation
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and a value of to 69 GPa is calculated. Effective hydrostatic deformation potentials of B L = -6.12 ± 0.04 eV and B N = -6.2 ± 0.04 eV are obtained for the A and B transitions, respectively.

Moreover the pressure derivatives of the bulk modulus can be deduced from the fit and values of F′ ( = 6.0 ± 0.4 and F′ . = 6.1 ± 0.4 are obtained. These values can be compared with the hydrostatic deformation potential of -6.6 eV 31 and the bulk modulus pressure derivative in the 4-4.6 range for bulk ZB InP. 32,33 Here again, the Wz phase behavior is quite different from the ZB one, forbidding any approximation of the Wz phase from the ZB one. Contrary to the linear pressure coefficient, the deformation potential is smaller for the Wz phase as compared to the ZB one. This can be explained by the fact that the bulk modulus and its derivative do not have the same values in the Wz and ZB phases. 

Pressure (GPa)

Figure 4 shows the pressure dependence of the integrated intensity. The PL intensity decreased when the pressure was increased above 0.5 GPa. Such a decrease has already been reported for bulk ZB InP 19 and ZB GaAs 34 but for higher pressure (above 6 GPa for InP and 3

GPa for GaAs). In ZB material, this phenomenon is usually explained by the crossing of the Γ and X conduction band minima with increasing pressure and by the transfer of electrons from the Γ to the X valley. The carrier population in the Γ band decreases as ? 2∆P"Q# RS ⁄ where ∆ "$# is the energy spacing between the Γ and X minima. The electron transfer from a direct and radiative transition towards in indirect transition induces a strong reduction of the photoluminescence.

The situation is different for the band structure of a wurtzite material. Since the Wz structure has four atoms/cell while the ZB structure has only two atoms/cell, there are twice as many bands per k point in the Wz one. As a consequence the Wz band structure contains two conduction bands:

one band having a Γ7 symmetry and a second band with a Γ8 symmetry. The second band is related to the states found at the L-point in the ZB phase. 8,9,4 Electrons with the Γ7 symmetry can recombine with holes in the A or B bands which induces a strong PL emission due to a direct band gap. On the other hand, for electrons with the Γ8 symmetry the recombination with holes in the B band is forbidden and the recombination with holes in the A band is called a pseudo-direct transition.

The energy splitting between these two conduction bands is not well known for Wz InP material.

Theoretical values of 0.24 eV and 0.4 eV have been reported by Ref 10 and Ref 4 , respectively.

The experimental probing of the conduction band using highly n-doped Wz InP NWs revealed a value of 0.21 eV, 35 while a value of 0.23 eV was reported from photoluminescence excitation (PLE) measurements on undoped NWs. 36 We make the assumption that the decrease of the PL emission is related to the transfer of electrons from the Γ7 to the Γ8 band. The pressure dependence of the integrated intensity can be described by the equation:
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where ∆ "$# is the energy spacing between the two conduction bands. A linear equation is used to describe this evolution:
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To fit the experimental results, equation 7 is rewritten as T"$# = T G1 + ^?2_Q RS ⁄ K ⁄ where T , ^ and ] are the fitting parameters. The fitting of the experimental results gives a value ] ≈ -0.03 ?@/a$). As the second conduction band in Wz is related to the states found at the L-point in the ZB phase, a rough value of ] can be estimated from the pressure dependence of the Γ and L bands in ZB InP material. In the case of a hydrostatic deformation, the energy spacing between the Γ and L conduction bands is equal to:
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with ∆ * the energy spacing without strain, ) b * and ) c * the hydrostatic pressure coefficients for the L and Γ valley and , elastic coefficients of the ZB InP. 31,20 As a consequence, ] should be in the order of:
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This slope is in the order of magnitude of the experimental value which confirms the hypothesis of an electron transfer from the first to second conduction band. We could also have imagined a redistribution of the holes between the A, B and C valence bands with pressure to explain the decrease of intensity. However, the variation of the energy spacing between the valence bands is in the order of few meV/GPa (Table I) that is one order of magnitude smaller than the experimental value of -30meV/GPa. Thus, hypothesis involving different valence bands can be discarded.

In conclusion, the impact of the pressure has been investigated on Wz InP NWs. The linear and 
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 1 Figure 1: SEM picture of the InP NWs on Si substrate.
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 2 Figure 2: (a) PL emission from the InP NWs measured at 13K and 295K. (b) Schematic of the
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 2 Figure 2.a shows the PL emission from the InP NWs recorded at 13K and at room
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 3 Figure 3: (a) Pressure dependence of PL spectra of InP NWs. (b) Pressure dependence of the A
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 3 Figure 3.b shows the shift of both A and B transitions as a function of the hydrostatic pressure.
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 4 Figure 4: Pressure dependence of the PL integrated intensity.

  quadratic pressure coefficients have been measured for the A and B transitions. Values equal to α = 88.2 ± 0.5 meV/GPa, α = 89.3 ± 0.5 meV/GPa and β = β = -2.7 ± 0.2 meV/ GPa have been obtained. The linear coefficients are in agreement with ab initio calculations performed in Ref 6 in the HSE DFT framework. The effective hydrostatic deformation potentialshave also been extracted for the A and B transitions with values of -6.1 eV and -6.2 eV, respectively. Our results further confirm that approximating the Wz phase behavior from the ZB one is inappropriate. The reduction of the PL intensity upon pressure increase also reveals a reduction of the energy difference between the two conduction band minima at Γ point, leading to a pseudo-direct transition.ASSOCIATED CONTENTSupporting Information

  

Table I :

 I Experimental results of the present work compared to theoretical calculations of the linear pressure coefficients for the A , B and C bands.Our experimental results show that the set of parameters obtained by LDA and HSE methods provide a good approximation of the linear coefficients (cf. tableI). This study also shows the limits of the quasi cubic approximation for Wz InP. The linear pressure slope calculated from the elastic and deformation potential coefficients of the InP in the ZB phase give values roughly 14% smaller than the measured ones. Moreover A and B bands are assumed to have the same dependence with pressure. This is a consequence of the quasi cubic approximation which implies%% = && =and + ! = -2+ -which induces a α = α relation. This experimental studyshows that the quasi-cubic approximation, as described in Ref 29, does not provide accurate deformation potentials for the Wz phase and confirms that experimental or theoretical investigations are to be undertaken to have a clear picture of the situation.

		exp results	PBE	GW	HSE	From ZB InP
	α (meV/GPa) α (meV/GPa) α A (meV/GPa)	88.2 ± 0.5 89.3 ± 0.5	80.3 80.6 84.9	86.4 86.8 91	88.7 89.0 93.4	76 76 76

. The elastic coefficients calculated by LDA are used in the PBE, GW and HSE cases. A calculation is also performed using the elastic and deformation potential coefficients obtained from the ZB InP ones using

Ref 23 and Ref 29. 

TEM investigations of InP NWs, experimental setup and the material parameters used in the analysis. This material is available free of charge via the Internet at http://pubs.acs.org.
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