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ABSTRACT .

The elastic properties of InP nanowires are ingastd by photoluminescence
measurements under hydrostatic pressure at roopetatare and experimentally deduced values
of the linear pressure coefficients are obtaindgk pressure-induced energy shift of the A and B
transitions yields a linear pressure coefficientigf= 88.2 + 0.5 meV/GPa andag = 89.3 +
0.5meV/GPa with a small sublinear term ¢, = Bg = —2.7 + 0.2 meV/GPa?. Effective
hydrostatic deformation potentials of -6.12+0.04a\d -6.2+0.04 eV are derived from the results
for the A and B transitions, respectively. A dese=af the integrated intensity is observed above
0.5 GPa and is interpreted as a carrier trangben the first to the second conduction band of the

wurtzite InP.



INTRODUCTION

The integration of InP based nanowires (NWs) aoail has attracted an intense interest
to merge efficient optoelectronic devices withcsih (Si) based electronics. The monolithic
growth of InP NWs on Si or InP substrates has diréeen investigated to design highly efficient
solar cells} lasers or light emitted diode%.InP NWs grown on Si substrates present usually a
wurtzite (Wz) crystallographic phase. Contrary BeNitrides semiconductors, there is no Wz
substrate for IlI-V semiconductors such as InP dmAGaAs. As a consequence, the investigation
of the optical, structural, mechanical or electcoproperties of these Wz materials requires
working directly on the NW geometry. This situatioss a direct implication on the knowledge of
these Wz semiconductor band parameters. Theréakaf experimental values for parameters
such as the elastic coefficients, deformation paikx piezoelectric coefficients or effective
masses and it is necessary to rely on theoretadaks*® As far as the deformation potentials of
Wz InP are concerned, only one theoretical papebban published on this issUEhree different
sets of parameters have been proposed based emlitieeentab initio approaches. High-pressure
studies of semiconductor materials can give acimetise hydrostatic deformation potentials and
to the linear pressure coefficiertdhe interest for investigating IlI-V materials tin Wz
crystallographic phase is reinforced by a spedtyfiof the wurtzite band structure. Since the Wz
structure has four atoms per cell while the zirende (ZB) structure has only two atoms, there
are twice more as many bands per k points in thei¥z As a consequence, the Wz band structure
contains two conduction bands: one associated avidirect emission and a second one with a
pseudo-direct on&? In the case of GaAs and InP Wz materials, theggngpacing between these

two bands is expected to be relatively small: mmahder of 30 meV for GaAsind between 0.2 to



0.4 eV for InPL%4 As shown bySgnorello et al,® the small energy spacing in Wz GaAs NWs can

be tuned using an uniaxial stress to control thealpand/or electrical properties of the material.

In this paper, the optical properties of Wz InP NN#se been investigated by high pressure
photoluminescence at room temperature. These nmezasuats allow us to extract the linear and

guadratic pressure coefficients as well as thecg¥ie hydrostatic deformation potentials.

EXPERIMENTAL DETAILS

The Wz InP NW sample was grown on a Si(111) sutestvg VLS-ssMBE using Au-In
droplets as catalysh-situ deposited at 500°C. Two growth steps were perfdriatedifferent
substrate temperatures to obtain the NWs. FiretNWs were grown during 10 minutes at 380°C
with a indium beam equivalent pressure (BEP) cpording to an InP 2D layer equivalent growth
rate of 1 ML/s and with aJPP; BEP ratio equal to 20 in order to produce purelizNWs?!112
To increase the NW diameter, a second growth stef0 aninutes was performed at a lower

temperature (340°C) to favor the NW radial growth.

Figure 1: SEM picture of the InP NWs on Si substrat



Scanning electron microscopy (SEM) studies reveategveraged 1.7 um length for these
NWs (Figure 1). As far as the diameter is concemedriation is observed as a function of the
distance from the surface leading first to an isgdapered geometry. An average diameter of 120
nm is observed at the NW foot while an average dtemof 190 nm is measured at 1.1-1.3um
from the surface. Then the NWs present a tapeonghie last 400-600 nm. TEM studies have
been performed on the NWs (see supplementary raBtefihe NWs haves a perfect Wz
crystallographic phase during the first 0.9-1 pnygté. This length corresponds to the typical size
of the InP NWs after the initial 10 min axial grdwat 380°C. Then, some ZB insertions are
observed in the upper part of the NWs. This partlgted to the axial growth of the NWs during
the 20 min growth at 340°€.This second step is required to favor radial ghotetincrease the
NW diameter: the NWs have usually a diameter inr5s&0 nm range after the first growth step.
After the second step, the NW diameter is at |#84tmes bigger than the exciton Bohr radius of
Wz InP which means that no quantum confinementpeeted® As far as the elastic coefficients
are concerned, the Young modulus of these InP NWld be similar to the bulk valdéFrom
these theoretical and experimental results we assiat our InP NWs can be considered as bulk

material.

The high pressure photoluminescence measurememéscaeried out using a diamond
anvil cell with low-fluorescence diamonds havingcalet size of 350um. The NWs were
mechanically removed from the growth substratelaaded into a hole drilled in a stainless steel
gasket. To obtain a hydrostatic pressure, a stdrtldrmethanol-ethanol mixture was used as the
pressure transmitting medium. The optical propsrtethe Wz InP NWs were investigated by

photoluminescence (PL) measurements performed astigmW 532 nm continuous wave (cw)



diode-pumped solid-state laser as the excitatiancgoand a nitrogen cooled silicon CCD detector

coupled to a monochromator for the detection.

RESULTS AND DISCUSSIONS
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Figure 2: (a) PL emission from the InP NWs measatetBK and 295K. (b) Schematic of the

band energies at thepoint in Wz InP.

Figure 2.a shows the PL emission from the InP NW&omded at 13K and at room
temperature. To understand the band structure oNWs, spin-orbit coupling and crystal field
splitting must be considered. These interactiotistse valence band (VB) of the Wz crystal into
a heavy-hole (usually labeled A-band), a light-hd@eband) and a split-off band (C-band) (Fig
2.b). At 13K, one peak related to the recombinatibfree excitons known as A-excitons in Wz
InP is observed at 1.491 é¥At room temperature, the photoluminescence ofNN®s reveals a
peak located at 1.423 eV (the A transition) andauiler around 1.458 eV (the B transition). The

B transition is observed due to the thermal adtveof the holes from the A to the B barldThe



energy splitting between these two bands has besndtically and experimentally investigated

by several groups and values in the 30-50 meV rhage been reporté@?16.1’

The pressure dependence of the Wz transitionséstigated in the 0-3 GPa range (Figure
3). The position of the A transition could not etmined for pressure higher than 3 GPa because
of a weak signal to noise ratio (SNR), due to arelese of the A peak intensity with pressure.

Position of B peak is obtained by the analysishef2 derivative of the spectra.
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Figure 3: (a) Pressure dependence of PL spectrd’dfiWs. (b) Pressure dependence of the A

and B transitions. The red lines are the leastregiita using Equation (1).

Figure 3.b shows the shift of both A and B traosisi as a function of the hydrostatic pressure.

The following quadratic equation is used to fit thgerimental data:
E =Ey+aP + BP% (1)

which gives linear pressure coefficients wof = 88.2 + 0.5 meV/GPa andag = 89.3 +
0.5meV/GPa , for A and B transitions, respectively. The \alof the quadratic pressure
coefficient is the same for both bangs= —2.7 + 0.2 meV/GPa?. The existence of a quadratic
pressure coefficient can be explained by nonlitiearin the elastic bulk modulus. In the literature
experimental values in the order of 75 to 84 me\d@#md in the -1.2 to -1.8 meV/GPa? range have
been published for the InP band gap in the ZB atiygjraphic phas&'® This means that the
linear pressure coefficient of the Wz InP band @gy) is roughly 10% bigger than its value for

ZB InP. This observation seems in agreement widorgtical studies on IlI-Nitride materials.



Comparison of LDA-calculated band-gap pressurefmierts for nitrides in Wz and ZB phases
have predicted larger values for the Wz phésghe difference between the two crystal phases
was in the order of few meV/GPa. This differenceldobe explained by the extra structural
degrees of freedom available in the Wz structureMariation of the band-gap due to the change
in the c/a ratio (where c and a are the hexagatété constants parallel and perpendicular to the
[0001] axis), and the internal structural paramatetich represents the relative position of two

hexagonal close-packed sublattiées.

Theoretical values oft, and ag can be calculated from the knowledge of the elastd potential
deformation coefficients. As far as the elasticfioients are concerned, we use the set calculated
using the local density approximation (LDA) by Gajldouiet al.?? These coefficients can also be
estimated from the ZB ones using a model based mtaéion of the crystal structure and a
correction due to the internal strain state (sd#€la1 of the supplementary informatiéa$* For

a hydrostatic pressure P, the strain coefficiehts\Wz material aré®

e = Ci1 + Cip — 2G5
i C33(C11 + Cyp) — 2CH

e —¢ =5_J.=_ C33 — Ci3
xx o2 C33(C11 + Cyp) — 2CE

p (2)

Under the assumption of a strain-independent astcbigic spin-orbit interaction, the energies of

the A, B and C transitions can be described®#<:

EA = E,A(l) + (acz - Dl - DB)EZZ + (act - D2 - D4)5J_ (3)

Eg = Ep + (ac; — Dy — Ay D3)e,, + (aee — Dy — AyDy)ey



EC = Eg + (acz - Dl - A—D3)‘€zz + (act - D2 - A—DAL)“:J_

The coefficients\,. are given by:

-1/2
_1.1 a3 )?
Ai_zi2[1+8(A1—A2)] “)

wherel, is the crystal-field splitting andl,= A;= Ag, /3 with Ag, the spin orbit coupling. Here,

the experimental values reported in Ref 28= 0.145 eV andA,= 0.025 eV, are used to obtain

the valueA, = 0.931. As far as the deformation potentials of Wz InRaerial are concerned, sets
of parameters have been published in Ref 6 usiregttifferentab initio calculation methods:

Heyd-Scuseria-Ernzerhof (HSE) density functionabitly, generalized-gradient approximation in
the Perdew-Burke-Ernzerhof (PBE) parametrizatichsingle shot GW calculations (Table S2 of
the supporting information). Another approach isttimate the deformation potentials in Wz
phase from the ZB ones using the quasi-cubic apmation2°3°The extracted theoretical values
of the linear pressure coefficients can be founthbie I. The elastic coefficients calculated by
LDA are used in the PBE, GW and HSE cases. A catiicu is also performed using the elastic

and deformation potential coefficients obtainedrfrine ZB InP ones using Ref 23 and Ref 29.

exp results PBE GW HSE From ZB Ir|P
o, (MeV/IGPa)  88.2+0.5 80.3 86.4 88.7 76
ag (MeV/GPa)  89.3+0.5 80.6 86.8 89.0 76
ac (meV/IGPa) 84.9 91 93.4 76

Table I: Experimental results of the present wankpared to theoretical calculations of the linear

pressure coefficients for the A, B and C bands.
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Our experimental results show that the set of patara obtained by LDA and HSE methods
provide a good approximation of the linear coeffits (cf. table I). This study also shows the
limits of the quasi cubic approximation for Wz IriFhe linear pressure slope calculated from the
elastic and deformation potential coefficientsha tnP in the ZB phase give values roughly 14%
smaller than the measured ones. Moreover A and reidare assumed to have the same
dependence with pressure. This is a consequertbe giiasi cubic approximation which implies
Exx = &y = &, and D; = —2D, which induces ax, = ag relation. This experimental study
shows that the quasi-cubic approximation, as desdrin Ref 29, does not provide accurate
deformation potentials for the Wz phase and corirthat experimental or theoretical

investigations are to be undertaken to have a pleture of the situation.

A second analysis procedure can be used to extnacteffective hydrostatic deformation

potentials. The variation of the band gap can kxee to the volume change using the relation:
Yo
E=E+a(1-2) (5)

wherea is the effective hydrostatic deformation potentidie termeffective is used to highlight
the fact that the strain in a Wz structure is resfgctly isotropic under a hydrostatic pressures Th
relative volume change caused by the applied pressun be related to pressure by the Murnaghan

equation of state:
B [/vo\B’
P=5|() 1] (6)

with B the bulk modulus of Wz InP and B’ its pressulerivative. The bulk modulus can be

calculated using the relatiod = (C33[Cy1 + C12] — 2C15°)/(Cyq + Cyp + 2C53 — 4C43) and a

11



value of to 69 GPa is calculated. Effective hydrmbstdeformation potentials @f; = —6.12 +
0.04eVand ag = —6.2 + 0.04 eV are obtained for the A and B transitions, respetyiv
Moreover the pressure derivatives of the bulk moslglan be deduced from the fit and values of
B’y =6.0+04and B'; = 6.1+ 0.4are obtained. These values can be compared with the
hydrostatic deformation potential of -6.6 &vand the bulk modulus pressure derivative in the 4-
4.6 range for bulk ZB InP233 Here again, the Wz phase behavior is quite diffiefiem the ZB

one, forbidding any approximation of the Wz phasanf the ZB one. Contrary to the linear
pressure coefficient, the deformation potentiansller for the Wz phase as compared to the ZB
one. This can be explained by the fact that th& lmddulus and its derivative do not have the

same values in the Wz and ZB phases.
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Figure 4: Pressure dependence of the PL integnateaisity.
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Figure 4 shows the pressure dependence of therameelgintensity. The PL intensity
decreased when the pressure was increased abo¥&P@.5Such a decrease has already been
reported for bulk ZB InP° and ZB GaAs* but for higher pressure (above 6 GPa for InP and 3
GPa for GaAs). In ZB material, this phenomenorsigally explained by the crossing of thand
X conduction band minima with increasing pressune lay the transfer of electrons from théo
the X valley. The carrier population in tieband decreases as®()/kT whereAE(P) is the
energy spacing between theand X minima. The electron transfer from a diract radiative

transition towards in indirect transition inducestiang reduction of the photoluminescence.

The situation is different for the band structufe avurtzite material. Since the Wz structure has
four atoms/cell while the ZB structure has only mtoms/cell, there are twice as many bands per
k point in the Wz one. As a consequence the Wz Istmtture contains two conduction bands:
one band having Bz symmetry and a second band withisssymmetry. The second band is related
to the states found at the L-point in the ZB pHaktElectrons with thez symmetry can
recombine with holes in the A or B bands which icelua strong PL emission due to a direct band
gap. On the other hand, for electrons withltkeymmetry the recombination with holes in the B
band is forbidden and the recombination with hoteshe A band is called a pseudo-direct

transition.

The energy splitting between these two conductemdsk is not well known for Wz InP material.
Theoretical values of 0.24 eV and 0.4 eV have beported by Ref 10 and Ref 4 , respectively.
The experimental probing of the conduction banaigisiighly n-doped Wz InP NWs revealed a
value of 0.21 e\?? while a value of 0.23 eV was reported from phattihescence excitation

(PLE) measurements on undoped N¥s.
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We make the assumption that the decrease of tleidsion is related to the transfer of electrons
from theI'; to thel's band. The pressure dependence of the integratiukity can be described

by the equation:

Iy

IP) = = ()

whereAE (P) is the energy spacing between the two conductamué. A linear equation is used

to describe this evolution:
AE(P) = AE, + (P (8)

To fit the experimental results, equation 7 is itlem asl (P) = I/ (1 + se~SP/*T) wherel,, s
and ¢ are the fitting parameters. The fitting of the esimental results gives a value=
—0.03 eV /GPa. As the second conduction band in Wz is relatetieécstates found at the L-point
in the ZB phase, a rough valuefofan be estimated from the pressure dependenbe Bfand L
bands in ZB InP material. In the case of a hydtastieformation, the energy spacing between the

I and L conduction bands is equal to:
Ef — Ef = AE§ + 3(aj — af)e

EE — EE = ARS —3—L % _p
Lo O T ¢+ 20,

with AE§ the energy spacing without strainy and af the hydrostatic pressure coefficients for
the L and valley andC, ;, C, elastic coefficients of the ZB InP2°As a consequencé,should

be in the order of:

14



{~ —3M ~ —0.04 eV /GPa
This slope is in the order of magnitude of the expental value which confirms the hypothesis
of an electron transfer from the first to seconddrcction band. We could also have imagined a
redistribution of the holes between the A, B anddlnce bands with pressure to explain the
decrease of intensity. However, the variation efénergy spacing between the valence bands is

in the order of few meV/GPa (Table I) that is onéso of magnitude smaller than the experimental

value of -30meV/GPa. Thus, hypothesis involvindettént valence bands can be discarded.

In conclusion, the impact of the pressure has lmestigated on Wz InP NWSs. The linear and
guadratic pressure coefficients have been meadardble A and B transitions. Values equal to
ap = 88.2 + 0.5 meV/GPa, ag = 89.3 + 0.5 meV/GPa and By = Bg = —2.7 £ 0.2 meV/
GPa? have been obtained. The linear coefficients aragreement with ab initio calculations
performed in Ref 6 in the HSE DFT framework. Thieetive hydrostatic deformation potentials
have also been extracted for the A and B transtiath values of -6.1 eV and -6.2 eV,
respectively. Our results further confirm that apgmating the Wz phase behavior from the ZB
one is inappropriate. The reduction of the PLnsiy upon pressure increase also reveals a
reduction of the energy difference between thedammduction band minima &tpoint, leading to

a pseudo-direct transition.
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TEM investigations of InP NWs, experimental setngd ¢he material parameters used in the

analysis. This material is available free of charigethe Internet at http://pubs.acs.org.
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