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Ab initio CALCULATIONS OF POLARIZATION, PIEZOELECTRICCONSTANTS, AND ELASTIC CONSTANTS OF InAs AND InPIN THE WURTZITE PHASEC. Hajlaoui a;b*, L. Pedesseau a, F. Raoua� b, F. Ben Cheikh Larbi b, J. Even a, J.-M. Jan
u aaUniversité Européenne de Bretagne, INSA, FOTON, UMR 608235708, Rennes, Fran
ebLaboratoire de Physi
o-Chimie, des Mi
rostru
tures et des Mi
rosystèmes,Institut Préparatoire aux Études S
ienti�ques et Te
hniques, Université de Carthage, BP512070, La Marsa, TunisieRe
eived February 9, 2015We report �rst-prin
iple density fun
tional 
al
ulations of the spontaneous polarization, piezoele
tri
 stress 
on-stants, and elasti
 
onstants for the III�V wurtzite stru
ture semi
ondu
tors InAs and InP. Using the densityfun
tional theory implemented in the VASP 
ode, we obtain polarization values �0:011 and �0:013 C/m2, andpiezoele
tri
 
onstants e33 (e31) equal to 0:091 (�0:026) and 0:012 (�0:081) C/m2 for stru
turally relaxedInP and InAs respe
tively. These values are 
onsistently smaller than those of nitrides. Therefore, we predi
ta smaller built-in ele
tri
 �eld in su
h stru
tures.DOI: 10.7868/S00444510150801061. INTRODUCTIONDespite signi�
ant advan
es a
hieved in Si photon-i
s with based materials, the III�V 
ompounds havesuperior optoele
troni
 properties and exhibit uniquefeatures (dire
t and tunable band gap) for light emis-sion and dete
tion. This represents some real advan-tages for optoele
troni
 fun
tionalities (LEDs, lasers,photo dete
tors, photovoltai
) [1℄ to operate with highe�
ien
y at various opti
al wavelengths. The integra-tion of III�V materials in this �eld is based on epitaxialgrowth of nanowire. In re
ent years, mu
h e�ort hasbeen devoted to the growth and fabri
ation of strainedInP/InAs/InP nanowire devi
es for the realization ofhigh �eld-e�e
t ele
tron mobility transistors and 
ir-
uits. Advantages of these systems in
lude the highele
tron mobility and velo
ity of InAs and a large 
on-du
tion band o�set between InAs and InP (0.5 V) [2℄.As is well known, when a nanowire heterostru
tureis epitaxially grown from materials with di�erent lat-ti
e 
onstants, an elasti
 strain �eld is 
reated insidethe material system [3℄. This strain �eld 
an in gen-*E-mail: hajlaoui
�yahoo.fr

eral modify the ele
troni
 stru
ture of the material sys-tem and 
an therefore be employed to tailor the ele
-troni
 and optoele
troni
 properties of the nanowireheterostru
ture for appli
ations. This strain 
an in-du
e spontaneous polarization and piezoele
tri
 �eldswith signi�
ant e�e
ts on the ele
troni
 and optoele
-troni
 properties of the systems. Thus, it is in generalof great importan
e to 
onsider strain and piezoele
-tri
ity simultaneously when studying epitaxially grownstrained nanowire heterostru
tures.2. COMPUTATIONAL DETAILSIn this work, we 
al
ulate the spontaneous po-larization, piezoele
tri
 
oe�
ients, and elasti
 
on-stants of wurtzite stru
ture InAs and InP using thegeneralized-gradient approximation (GGA) to densityfun
tional theory (DFT) as implemented in the VASPpa
kage [4℄. The polarizations are obtained using thewidely used Berry phase method [5℄, and the piezo-ele
tri
 
oe�
ients and elasti
 
onstants are obtainedfrom the 
al
ulated dependen
e of polarization andenergy on the appropriate strain. Ultrasoft poten-tials [4℄ are used for all atoms involved, and d semi
orestates are in
luded in the valen
e for an In atom. The285
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tural relaxation with strain perturbations is per-formed using the plane-wave proje
tor augmented wavemethod (PAW) as implemented in the VASP 
ode.We use the Heyd�S
useria�Ernzerhof hybrid ex
hage-
orrelation fun
tional [6℄ with the s
reening parameter� = 0:2 and the mixing parameter � = 0:25 (HSE06).Indeed, this fun
tional is well known to give a

uratelatti
e parameters and band gaps in good agreementwith experiment [7℄.The results reported here are obtained with a pla-ne-wave 
uto� of 600 eV and a 6�6�4Monkhorst�Pa
kmesh [8℄ for Brillouin zone investigation; these param-eters were found su�
ient for the 
omputed stress forsystems 
onsidered to 
onverge. Polarizations are re-ported relative to the 
onventional referen
e stru
tureof the zin
 blend stru
ture with the same ratio of the
 latti
e 
onstant to the unit 
ell volume [9℄, and 
areis taken to avoid problems asso
iated with the bran
hdependen
e of the polarization by extra
ting the so-
alled proper piezoele
tri
 response for the e13 
oe�-
ients [10℄.3. POLARIZATION AND PIEZOELECTRICEFFECTSTypi
al bulk III�V 
ompound semi
ondu
tors growpreferentially in the zin
 blend (zb) phase. Bulkwurtzite (wz) 
rystals of III�V 
ompound semi
ondu
-tors are rare in nature (ex
ept for III-nitride materials).Nevertheless, it has been shown that it is possible tosele
tively grow thin III�V 
ompound semi
ondu
tornanowires in either the zin
 blend or wurtzite phase,or in a superlatti
e form of these two phases. However,it is very 
hallenging to experimentally establish theelasti
 and piezoele
tri
 properties of wurtzite III�V
ompound semi
ondu
tors be
ause of the la
k of bulkwurtzite 
rystals of these materials in nature. Hen
e,theoreti
al 
al
ulation seems to be a good solution ofsu
h problems.Before reporting our polarization results, we 
om-pare our HSE06 
al
ulation of band stru
tures ofwz-InAs and wz-InP with those that we obtain us-ing the generalized-gradient approximation (GGA)in the Perdew�Burke�Ernzerhof parameterization [11℄(Fig. 1), at the 
al
ulated GGA latti
e parameter. We�nd that the HSE06 
al
ulated band gap for both wz-InAs (0.40 eV) and wz-InP (1.47 eV) is in good agree-ment with experimental values [12℄ (wz-InAs (0.52 eV)and wz-InP (1.49 eV)), whereas the GGA shows anunderestimation of these values (Fig. 2). The �negativegap� of wz-InAs has already been observed in other
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Fig. 1. Band stru
tures of wz-InP and wz-InAs withinGGA approa
hes at the 
al
ulated optimized GGA lat-ti
e parameters. Note that the GGA severely underes-timates the band gap and results in a metalli
 groundstate for wz-InAs
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Fig. 2. Band stru
tures of wz-InP and wz-InAs withinHSE06 approa
hes at the 
al
ulated optimized GGAlatti
e parameters. We reprodu
e the 
orre
t gap withthis hybrid fun
tional
al
ulations [13℄. The main 
ause of this problem isthe known limitation of the DFT-GGA to 
orre
tly de-s
ribe ex
ited-state properties like the band stru
ture.When a wurtzite stru
ture semi
ondu
tor is 
on-strained by epitaxial mat
hing to a substrate or in aheterostru
ture, its total polarization is the sum of itsintrinsi
 spontaneous polarization Psp (the polarizationthat it would have in an unstrained bulk sample) plusthe polarization indu
ed as a result of the strain Ppz(").The strain-indu
ed 
omponent depends strongly on thestrain " and hen
e on the latti
e mismat
h between theepitaxial layers. In the linear regime, it is related to thepiezoele
tri
 tensor e as286
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al
ulations of polarization : : :Ppz(i) =X eij"j :Both the intrinsi
 and strain-indu
ed 
ontributions 
anbe 
al
ulated a

urately from �rst-prin
iple 
al
ula-tions [5; 14℄ and have been shown to be large in theIII�V nitrides [15℄. In the 
ase of wurtzite symme-try, this tensor 
ontains three independent elements Px,Py, and Pz . Thanks to intrinsi
 symmetry rules of thehexagonal latti
e, many 
oe�
ients of the piezoele
tri
tensor are equal to zero, and only three 
oe�
ients arenonzero: e33, e31, and e15.[eij ℄ = 264 0 0 0 0 e15 00 0 0 e15 0 0e31 e31 e33 0 0 0 375 :The 
oe�
ients e33 and e31 
hara
terize polarizationalong the z axis (Pz), and e15 (shearing term) 
hara
-terizes polarizations along x and y axis (Px and Py),whi
h are in general negle
ted,Pz = 2�e31 � 
13
33 e33� ";and C13 and C33 are the elasti
 
onstants. HexagonalInAs and InP belonging to the point group 6mm show�ve independent elasti
-sti�ness 
oe�
ients: C11, C12,C13, C33, and C44:[Cij ℄ = 26666666664
C11 C12 C13 0 0 0C12 C11 C13 0 0 0C13 C13 C33 0 0 00 0 0 C44 0 00 0 0 0 C44 00 0 0 0 0 C66

37777777775 :
The 
oe�
ient C66 is related to C11 and C12 as C66 == (C11 � C12)=2.4. RESULTS AND DISCUSSIONSWe begin by 
al
ulating the polarization and piezo-ele
tri
 
onstants (e33 and e31) at the 
al
ulated GGAequilibrium stru
tures for InP (a = 4:12Å, 
 = 6:72Å,and u = 0:3705) and InAs (a = 4:21Å, 
 = 7:02Å,and u = 0:3703). Our results are reported in Table 1.For 
omparison, we also report these values for GaN,be
ause we have not found results in literature to 
om-pare with both wz-InAs and wz-InP. This is how weverify the reliability of our simulations.We note that, 
ontrary to the gallium nitride [16℄,InP and InAs materials have very small polarization

Table 1. Polarizations P and piezoele
tri
 
onstantse33 and e31 for InP, InAs, and GaN 
al
ulated at thetheoreti
al GGA equilibrium latti
e parametersInP InAs GaNe31, C/m2 �0:026 �0:081 �0:35e33, C/m2 0.091 0.012 1.27P, C/m2 �0:011 �0:013 �0:029Table 2. Elasti
 
onstants in GPa for wurtzite (wz)and zin
 blend (zb) stru
tures of InP and InAs 
al
u-lated at the theoreti
al equilibrium latti
e parametersand atomi
 positionsC11 C12 C13 C33 C44 C66zb InAs 80.3 43.3 � � 36.9 �InP 98.4 45.4 � � 39.5 �wz InAs 99.1 43.6 31.9 114.5 22.0 27.7InP 116.7 50.9 38.2 135.9 27.0 32.9and piezoele
tri
 
oe�
ients. These values are mainlydue to the low ioni
 
hara
ter of the In�As and In�Pbinding. For the III-nitrides, the binding is highly ioni
due to the large size of the nitrogen atom, whi
h gives alarge spontaneous polarization for nitrides. The piezo-ele
tri
 e�e
t is also related to the stress state of thematerial and the latti
e mismat
h. In fa
t, in the 
aseof the InAs/InP system, the latti
e mismat
h is about3%, but it 
an rea
h 7% in the 
ase of nitrides (theInN/GaN system is an example), and that is why thewz-InAs and wz-InP piezoele
tri
 
onstants are smallerthan those of nitrides. The total polarization of re-spe
tively InAs and InP is about �0:08 C/mI and�0:03 C/mI. Consequently, a very low internal ele
-tri
 �eld magnitude is expe
ted for InAs/InP quantumwires.Finally, in Table 2, we report the elasti
 
onstantsobtained by 
al
ulating the 
hange in energy withstrain for �ve di�erent strain 
on�gurations. The de-tails of the strain 
on�gurations used and the pro
e-dure for extra
ting the elasti
 
onstants are des
ribedin Ref. [15℄. For 
omparison, we in
lude the values ofelasti
 
onstants in the 
ubi
 phase be
ause we have noexperimental results to 
ompare with.In the 
ase of the zin
 blend phase, the values ofelasti
 
onstants are in good agreement with experi-mental ones [17℄, whi
h was expe
ted be
ause the GGA287
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ribes the energeti
 properties of the ground statepre
isely. In the 
ase of the wurtzite phase, we have noexperimental data to 
ompare with, but we expe
t our
al
ulated values to be similarly appropriate.5. CONCLUSIONIn summary, we have 
al
ulated the spontaneouspolarization, piezoele
tri
 
oe�
ients, and elasti
 
on-stants for wurtzite stru
ture InAs and InP. Sin
e thereis no experimental data until now for these materials,we have made a primary 
al
ulation for GaN, forwhi
h these parameters are well known. Then weprovide our predi
tions for InAs and InP (whi
h areexperimentally ina

essible in the wurtzite stru
ture).We �nd that, 
ontrarily to nitride materials, oursystems have smaller spontaneous polarization andpiezoele
tri
 
oe�
ients. This explains the very smallvalue of the internal ele
tri
 �eld in wz-InAs andwz-InP.This work was performed using HPC resour
es fromGENCI CINES and IDRIS 2013-2013096724. Thework is supported through the parti
ipation of theINSCOOP ANR proje
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