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Accurate calculation of polarization-related quantities in semiconductors
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We demonstrate that polarization-related quantities in semiconductors can be predicted accurately from
first-principles calculations using the appropriate approach to the problem, the Berry-phase polarization theory.
For 11I-V nitrides, our test case, we find polarization, piezoelectric constants, and polarization differences
between nitride pairs, and piezoelectric constants quite close to their previously established values. Refined
data are nevertheless provided for all the relevant quantities.
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The importance of spontaneous and piezoelectric polardata to estimate piezoelectric fields in strained nitrides.
ization in nitride semiconductors is by now widely recog- Fourth, we briefly address the possible origin of the discrep-
nized, and numerous reports of observations and practic@ncy between the report of Ref. 3 and our results. We sug-
exploitations of polarization effects in optoelectronic andgest that it may be connected with technical shortcomings,
electronic nitride nanostructure devices have appearedespecially imperfect convergence of the equilibrium struc-
Many experiments have been rather successfully interpreteiire, in the superlattice calculation.
using recently calculateab initio values of the spontaneous =~ We analyze the polarization as obtained using the Berry-
polarization and the piezoelectric constants. phase methdd® within two different density-functional

Doubts have recently been raised about the accuracy dheory(DFT) exchange-correlation schemes. Specifically, as
computed spontaneous polarization values in nitride semido the authors of Ref. 3, we use thiesp packagé and the
conductors. A recent stuiypased on a supercell metfod Pseudopotentials provided therewith. We carry out calcula-
reported values of the spontaneous polarization of AINfions using both the generalized gradient approximation
GaN, and InN that differ widelyby ~50-100%) from those (GGA) to density-functional theory in the Perdew-Wang
of our recent calculationsOur results were obtained within PW91 version, and the local-density approximatitA )
density-functional theory using numerical methods based oif! the Ceperley-Alder-Perdew-Zunger forused in Ref. B
the modern theory of polarization and the Berry-phaséJltrasoft potential® are used(Ga and Ind electrons are
concept so they are expected to be highly reliable. Indeed{reated as valengeat a conservative cutoff of 325 eV, and
they have been used successfully in the experimeatad ~ reciprocal-space summation is done on(&88 Monkhorst-
modeling literature. It is therefore appropriate to reexaminePack mesh.
the accuracy of the polarization calculations, to dissipate Our results are as follows. In Tables I, Il and lll we list
doubts and confusion about which values to use, and téhe structural parametees c/a, and €;=U— Ujgea, and the
clarify the size of the expected errors. Since the nitrides prospontaneous polarizatidRg,, for the Ill-V nitrides. To ob-
vide a severe test for polarization calculations, we expect oui@in them, we optimize the structure within both the GGA
error estimates to provide a valid upper bound for all semiand LDA, then calculate the spontaneous polarization with
conductors. the Berry-phase technique. In addition, we calculate the po-

The message of the present paper is fourféldst, we
find that itis possible to calculate polarizations with the ac-  TABLE I. Structure and polarization of GaN. The Berry-phase
curacy needed to compare with experimje?]tprovided a spontaneous polarizatidhy, has been calculated for each structure
well-controlled and accurate method is used to calculate thand setting listed. The structures are those obtained in the LDA by
polarization, and that the structure is accurately optimized bygechstedt, GroBner, and Furthiten (Ref. 3, BGH and by Wei and
state-of-the-arab initio density-functional calculations. The Zunger(Ref. 12, W2, and by ourselvegPresentin both the LDA
polarization is found to be most sensitive to internal struc-2nd GGA. Lattice constartis given in A, e, in 10 *c/a, andPg,
tural parameter§in wurtzite, the parametar). Secondab- " ¢/ nf. Reference 3 reports a  supercell-basefl,
solute polarization values resulting from the present revision- 2974 C/nf for the BGF(LDA) case.
deviate only slightly ¢10%) from the previous values.

Moreover, observable quantities, namely polarizatiiffer- Structure from a ca ‘1 Psp
ences between various compounds, are essentially UNBGF (LDA) 3.150 1.6310 6.5 —0.080
changed with respect to our previous regoftird, we re- Wz (LDA) 3.189 1.6259 1.8 —0.032
port revised values of the piezoelectric constants, agaipresen{LDA) 3.131 1.6301 16 —0.032
rather close to our previous data; we consider that the preseptesen(GGA) 3.197 1.6297 1.9 —0.034
values are more refined and should be preferred in modelingyperiment 3.1890 1.6263 2.0 —

We accompany the revised piezoconstants by accurately cal=
culated elastic constants, providing a self-consistent set dReference 9.
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TABLE II. Structure and polarization of AIN. Details as in TABLE IV. Modulus of the spontaneous-polarization differ-

Table 1. Reference 3 reports a supercell-base®, ences (mC/rf) between binary nitrides. The values of Ref. 2 and
=—0.120 C/n for the BGF(LDA) case. Ref. 3 are reported together with the present GGA result.
Structure from a c/a € Psp |AP| Presen{GGA) Ref. 2 Ref. 3

BGF (LDA) 3.080 1.6070 7.4 —0.103 AIN/GaN 55 52 46

WZ (LDA) 3.112 1.6009 6.9 —0.094 GaN/InN 7 3 24
Present{LDA) 3.070 1.5997 7.1 —0.099 INN/AIN 48 49 70
Presen{GGA) 3.108 1.6033 6.4 —0.090

Experiment 3.1106 1.6008 7.1 —

—0.074C/m obtained in the superlattice calculatidnis
aReference 10. also too large by a factor of 2. This suggests that the origin
of the discrepancy for GaN is the overestimation of #e
S;})arameter €,=6.5) in Ref. 3. Since the same group
Teported* ,=1.5 for GaN(in good agreement with other
entries in our table and with experimgnising the same
dcode and pseudopotentials, but a much flapoint summa-
tion mesh, the deviation is possibly duek@space summa-
tion.

For AIN, the largest discrepandpetween the values for
the GGA and LDA BGF structurgsis 13mC/nf, corre-
sponding to a difference of-1.0 in ;. Indeed, the GGA

larization for sets of structural parameters reported by other
Specifically, we use the LDA-pseudopotential lattice param
eters reported by Bechstedt, GroRner, and Furtleriu
(BGF), and those calculated with the full-potential linearize
augmented plane-wavg-LAPW) method within the LDA
by Wei and ZungefWz).12 The results are labeled “Present
(LDA),” “Present (GGA),” “BGF (LDA),” and “WZ
(LDA)” in Tables | to Ill. Next, in Table IV we give the
spontaneous polarizatiatifferencedor some relevant cases. . . . .
Finally, in Table V we report the piezoelectric constants,StrUCture is closer to experiment, and it should be more reli-
dynamical Born charges, spontaneous polarizations, an@P!€: In any event, the superlattice value-00.120 C/ m is
elastic constantgrelevant to the piezofields in strained ni- 2P0ut 20—-25 mC/#) or 25%, larger than all the Berry-phase
tride layers as calculated in the GGA approximation, which Va/ues. For InN.e, is quite homogeneous throughout, and
are proposed as revised values to be used in modeling dfdeed so are the polarizations, all within 5%. The superlat-
experiments involving macroscopic polarization effects. ~ UC€ polarization is—0.050 C/nt, also in the vicinity of the
From Tables | to Ill, it is evident that the Berry-phase BeTy-phase values. ,
results are quite homogeneous despite the methodological From the data in Tables I, Il, and Ill, it appears that the
differences of the various methods and DFT parametrizationS€/"y-Phase polarization values are quite stable and largely
(the main exception, GaN in the BGF structure, is discussefi'dependent of exchange-correlation scheme, once the struc-
below). As pointed out below, they differ considerably from tUre (mostly, thee, parameteris determined correctly. The
the values calculatédn the supercell approach. The major Polarizations previously determinefbr AIN, GaN, and InN

source of these deviations are inaccuracies in the determin¥.€re—0.081,—-0.029, and-0.032; the present GGA values
tion of the internal parameter. In the ideal wurtzite struc- &€ 11%, 9%, and 23% larger. We also remark that the GGA

ture, U= Uges=0.375 in units ofc/a. Here we compare dif- values obtained ip _this paper produce poIariz_ation diffgr—
ferent calculations through the parametef=u— Uiy, ences.between nitride pairs that compare qung well with
expressed in units of I3 c/a. It can be noticed from the thoSe in current useTable IV reports the comparison. _
tables that polarization is very sensitive &g, though rela- We recalculated the dynamical charges and piezoelectric
tively insensitive to other structural parameters, as also notegPNstants of the nitrides in the GGA approximation to verify
previously*!3 For GaN, thee; value of Ref. 3 deviates sig- our (_aarller results. The present values are fairly clos_e to our
nificantly from the others, and indeed we calculate a Correprewously reported one§able Il of Ref. 2. The data listed
sponding Berry phas®s, that is more than a factor of 2 in Table V are proposeq as updated reference values. Our
larger than all the others. The polarization of Yalues compare well with recent experiméfitéor AIN,
slightly less favorably for GaN. One source of uncertainty is
that the set of elastic constants used in Ref. 15 to translate
the measured stress-piezoelectlidensor into the strain-
piezoelectriee tensor, may or may not be consistent with our

TABLE IIl. Structure and polarization of InN. Details as in
Table |. Reference 3 reports a supercell-base,
=—0.050 C/nf for the BGF(LDA) case.

TABLE V. Spontaneous polarization (CAn improper piezo-
Structure from a c/a € Psp electric constants (C/f, dynamical charges, and elastic constants
(GP3 for the nitrides as obtained in the GGA approximation.

BGF (LDA) 3.530 1.6320 30 —0.043

WZ (LDA) 3.544 1.6134 40 —0.042 Pey ess ea 7% Css  Ca

Presen{LDA) 3.509 1.6175 3.6 —0.041

Presen{GGA) 3.580 1.6180 37 —0.042 AIN -0.090 150 -053 265 377 94

Experimert 3538 1.6119 _ _ GaN -0.034 067 -034 267 354 68
InN -0.042 081 -041 310 205 70

%Reference 11.
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TABLE VI. Proper piezoelectric constants (Clmfor the ni-  |arization P.=—15mC/n? is reported for a length-

trides in the GGA approximation. optimized clamped-ion wurtzite half cell. This corresponds
to a transvers®;=¢.,P_ = —48 mC/nt, in excellent agree-
€33 €31 ment with our Berry-phase valtief —50 mC/n?. Also, the
AIN 150 062 transverse spontaneous polarization of ZnO was found to be
' ' —57mC/nf using pseudopotentidlgnd —50 mC/nf using
GaN 0.67 —0.37 13 . .
N 0.81 045 FLAPW.> Again, the accuracy depends most critically on

the internal parameters. A similar but more stringent test for
GaN/AIN strained superlattic¥sshowed that the calculated

present approximations. This issue can be solved by a direggterface charge agrees to within less Fha’? 1 mOAith t_hat .
predicted from bulk transverse polarizations and dielectric

prediction of the fulld tensor from calculations of polariza- constant<0

Fion versus stress, which we will be presenting in a forthcom- We briefly note that the structural issues discussed above
ing work. - . do not account for all the discrepancies observed with the

We also evaluated within the GGA the subset of elastiGy|cylations of Ref. 3. Two possible additional sources of
constants needed in the determination of strain in epitaxiadror are related to the presence of large depolarizing elec-
nitride layers, which bears on their builtin piezoelectric yrostatic fields in the supercefsee Fig. 3 of Ref. B First,
fields. Our values are somewhat smaller than the LDA valuege length of the clamped-ion superlattice was not optimized.
reported, e.g., by Wright} as is not unexpected given the |n a nonzero fieldE,, this has the same eff@8tof an
smaller equilibrium volume in LDA compared to GGA. The nyerse-piezoelectric distortion, leading to a spurious polar-
rather scattered experimental datallected in Ref. 16do  j,ation oP,= —[6(3%)]2Ez/033 (with eg%) the clamped-ion pi-
not allow us to express a preference for either of the tWQy;oconstant an€a, the elastic modulys However, this is
approaches in this respectw , _only a small correction £1 mC/nf). Second, the field

It has recently been shownthat the proper piezoelectric .5 ses a large potential drop over the superlattice, amount-
response is related to a current flow across a sample in re; respectively, to about 1.4, 3.3, and 6.0 eV in InN, GaN
sponse to deformation. This response corresponds to a set g4 AN (in the Wurtzite regio’n' see Fig. 3 of Ref).3]'r’1is '
so-calledproper piezoelectric constants. These differ from g4 i Jarger than the calculated LDA gap of the materials.
the polarization derlvatlves with respect to strathe im-  \y/hile there seems to be no evidence for instabflitye pre-
proper constantsby a quantity proportional to the spontane- g me this could be a significant source of error.
ous polarization, hence of order 10%. The piezoelectric con- |, summary we have shown that the polarization of ni-
stants just reported in Table V are the improper constdnts. yige semiconductors can be calculated within the DFT-based

These. constants are thoseT to bg used in th.e.inter_pretation ffst-principles Berry-phase approach in a stable and repro-
modeling of experiments involving depolarizing fields and y,cible manner. Calculated polarizations can therefore be

polarization-induced interface chargésOn the other hand, geq safely in comparisons with experiment in nitride quan-
in view of their definition,” the proper constants are those t0 ;1 structures. Given the demanding test case provided by
be compared with experiments based on measurements gfs nitrides, we believe this conclusion applies to any semi-

currentacross piezoelectric samples and with values calcugqngyctor whose structure, and in particular whose internal
lated from linear-response thedyThe proper constants as parameters, can be accurately predicted.
calculated within the GGA are reported in Table VI. Only '

the e3's are affected, while the;s's are unchanged. The work at Cagliari University is supported in part by
Going back to the accuracy of calculated polarizations, itMURST—Cofin99 and INFM Parallel Computing Initiative.
is appropriate to note that the theoretical results are relatively.F. thanks the Alexander von Humboldt-Stiftung for sup-
stable in other systems also. For Bétte that Ref. 3 mis- port of his stays at the Walter Schottky Institut. D.V. ac-
quotes Refs. 2 and 4 about this material longitudinal po- knowledges support from NSF Grant No. DMR-9981193.
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